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Influence of Steel Hardness in Face-Milling 


By J. B. ARMITAGE! anv A. O. SCHMIDT,? MILWAUKEE, WIS. 


Face-milling tests are reported on seven different kinds of 
steels for power consumption and tool life at hardnesses 
of approximately 200, 300, and 400 Bhn. At any given 
hardness power requirements varied but little, but differ- 
ences in tool life were considerably greater. Machining 
the workpiece at an elevated temperature was found to 
decrease the power required and permit good cutter life. 
When tool-life or production tests are not available, the 
hardness of steel can be taken as a guide in choosing pre- 
liminary values of cutting speed and feed. 


EVEN different kinds of steels were tested for power con- 

sumption and tool life at hardnesses of approximately 200, 

300, and 400 Bhn. Differences in power required at any 
given hardness were comparatively small but the differences in 
tool life were more noticeable. Tool life was practically zero when 
the 400-Bhn test pieces were milled at 428 fpm cutting speed, 
the same speed as used on 200-Bhn test bars. However, a de- 
crease in the cutting speed to 180 fpm and in the feed to 0.0045 
ipt caused an increase in the tool life to a good performance when 
milling test pieces of 400 Bhn. 

After machining a steel workpiece of 200 Bhn for some time, 
the power increased because of tool wear and was frequently 
higher than that used by a new tool cutting a much harder work- 
piece. However, a cutter operating on a softer material gener- 
ally held up better and did not fail as readily as one machining a 
hard workpiece. One explanation of this phenomenon is that 
continuous machining must have worn the cutter in such a way 
that its shape was stronger, or that originally there were no 
weak spots or fine cracks in the blade which might have caused 
early failure. 

The machining of hard alloy steels is still a major problem. 
It requires a powerful rigid machine, such as is available only in 
the latest models, and also a cutter able to withstand high cutting 
forces, a large number of heavy impacts per blade, and designed 
in such a way as to eliminate chip interference. Machining the 
workpiece at an elevated temperature was found to decrease the 
power required and permit good cutter life. 


Deraits oF Miutuine Trests 


When other machinability data are not readily available, the 
hardness of steel is frequently taken as an index by shopmen in 
arriving at preliminary feed and speed estimates. The milling 
tests reported herein constitute an effort to show the relationship 
of hardness to power requirements and tool wear or tool life. 
A grade of sintered tungsten titanium carbide, which had been 
proved by laboratory and shop experience to be suitable for most 
carbide-steel milling operations, was used as the tool material in 
all tests. 

For tool-life determinations, test bars 11/2 X 6 X 12 in. of 
seven different steels were heat-treated to approximate Brinell 
hardness values of 200, 300, and 400. The steels tested included 


Fellow ASME. 
Mem. 


1 Vice-President, Kearney & Trecker Corporation. 

2 Research Engineer, Kearney & Trecker Corporation. 
ASME. 

Contributed by the Special Research Committee on Metal Cutting 
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NE 8744, NE 9445, SAE 1055, SAE 3140, SAE 4150, SAE 4150 
sulphurized, and SAE 4335. 

Comparative horsepower requirements were determined with 
the aid of a calorimeter (1). In the latter tests, bars of 1 in. 
diam of the same composition and heat-treatment as the tool- 
life test bars were used. 

The test cutters were 3-in-diam face mills with two solid-car- 
bide inserted blades. The blades were ground to 12 deg negative 
radial rake, 0 deg axial rake, and 15 deg corner angle. All tests 
were carried out on a Kearney & Trecker 2K vertical milling 
machine. 

In comparative power tests, the results for different materials 
were similar for each range of hardness. Fig. 1 illustrates the 
horsepower requirements for all the steels tested. As in pre- 
vious tests these cutters were considered sharp, since they did 
not remove more than 0.3 cu in. of material. There was thus no 
change in the power requirements due to tool wear (2). At 200 
Bhn there is little scattering of individual data points. The same 
test bars at 300 Bhn require more power than at 200 Bhn, and 
the performances are also more erratic, as indicated by the in- 
creased scattering of values for this hardness range. A further 
increase in power requirement is accompanied by a further in- 
crease in scattering at 400 Bhn. 

In the tool-life tests the test bar (1!/2 X 6 X 12 in.) was held 
in a vise and face-milled at a cutting speed of 430 fpm, a feed of 
0.0115 ipt, and a depth of 0.125 in. for the 200 and 300-Bhn 
specimens. It was found necessary to reduce the cutting speed 
to 130 fpm and the feed to 0.0045 ipt when milling the 400-Bhn 
samples, since the tool life was practically nothing (only a few 
chips), and the type of failure was very undesirable at the former 
cutting speed and feed. The tool-life tests at 200 and 300 Bhn 
were made with both blades cutting. However, when tests were 
made for the purpose of taking photographs of tool wear after 
every pass or every other pass, only one blade was cutting, the 
other blade having been moved in far enough so that it could not 
possibly machine any of the test bar. This same procedure was 
adopted in milling the 400-Bhn bars in order to obtain more uni- 
form results. A graphical presentation of tool life for the 200 and 
300-Bhn steel bars is given in Fig. 2, and the tool-life data for 
400-Bhn steels are given in Fig. 3, since these data were obtained 
at a lower speed and feed and are not directly comparable to those 
in Fig. 2. 

These test results have been confirmed in many shop operations. 
A hard steel must be milled at lower speeds and feeds, usually 
between 150 and 300 fpm with a feed per tooth between 0.003 
and 0.010 in. General recommendations (3) indicate a cutting 
speed of 350 to 800 fpm and a feed per tooth of 0.010 to 0.020 
in. for mild steel, which is usually considered to mean steel not 
harder than 200 Bhn. Medium-hard steels, which would include 
steels around 300 Bhn, should be milled in the cutting-speed 
range of 250 to 400 fpm with feeds per tooth ranging from 0.007 
to 0.015 in. Although these recommendations cover considerable 
latitude, they nevertheless permit a start or proper approach to 
the ultimate selection of optimum speed and feed. Speeds in the 
upper part of a recommended range and feeds in the lower part of 
a recommended range should generally be chosen if the cut is to 
be a finishing operation. Just the opposite procedure should be 
used in the case of roughing operations. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TABLE 1 HEAT-TREATMENT OF STEEL TEST BARS 
-—-Heat treatment?— 


Steel Bhn Heat to Quench Draw 

me deg F deg F 

NE 8744 217 1550 Oil 1300 
NE 8744 293 1550 Oil 1050 
NE 8744 418 1550 Oil 750 
NE 9445 212 1550 Oil 1250 
NE 9445 302 1550 Oil 950 
NE 9445 418 1550 Oil 600 
SAE 1055 196 1550 Oil 1200 
SAE 1055 302 1550 Brine 900 
SAE 1055 CS iiee 1550 Brine 850 
SAE 3140 223 1550 Oil 1200 
SAE 3140 311 1550 Oil 1000 
SAE 3140 387 1550 Oil 600 
SAE 4150 217 1550 Oil 1200 
SAE 4150 - 321 1550 Oil 1000 
SAE 4150 418 1550 Oil 750 
SAE 41506 196 1550 Oil 1350 
SAE 41505 311 1550 Oil 1150 
SAE 41506 418 1550 Oil 850 
SAE 4335 202 1550 Oil 1350 
SAE 4335 302 1550 Oil 1200 
SAE 4335 403 1550 Oil 900 


2 Cool in furnace for all steels. 
» Sulphurized. 
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FEED THOUSANDTHS OF AN INCH PER TOOTH 


Fie. 1 HorsePowER REQUIREMENTS FOR STEELS OF DIFFERENT 
HARDNESS 
(This graph is based upon the materials listed in Table 1.) 


As can be seen in Figs. 1, 2, and 3, hardness is only an approxi- 
mate indicator of machinability. A power increase of only about 
10 per cent is indicated in Fig. 1, between the hardnesses of 200 
and 300 Bhn for the same steel, while the tool life decreased 
more than 100 per cent, as can be seen from the number of passes 
plotted in Fig. 2. The power increased only about 25 per cent 
when the hardness of the steel was increased from 200 to 400 
Bhn, but had the tool life at 400 Bhn also been shown in Fig. 2, 
it would have been close to zero in all cases. 


Wear OF TuNGSTEN-TITANIUM BLADES 


When milling under the most favorable conditions, breakage 
of carbide blades will seldom occur. Should the setup and ma- 
chine be such that vibration, deflection, and overload are absent, 
or at a minimum, a number of other factors will still influence the 
performance of the carbide blade. Even when feeds and speeds 
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NUMBER OF PASSES PER BLADE 
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8744 9445 1055 3140 4150 4150 4335 


Fig. 2 Average NumBer or Passes Per BuapE WHEN MILLING 
STEEL oF 200 anp 300 BRN 
(Cutting speed in these tests was 428 fpm and feed 0.0115 ipt.) 


nN 
rs 
- 
ie 
ee 
iS 


® 
Mg 
ik 

+ 


NUMBER OF PASSES PER BLADE 


it | {ies sl 


NE NE SAE SAE SAE SAE SAE 
8744 9445 1055 3140 4150 4150 4335 
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Fie. 3 Avurace Number or Passes Per Buaps WHEN MILLine} 
STEEL or 400 Bun i 
(Cutting speed, 130 fpm; feed 0.0045 ipt.) 


Fie. 4 Currer Usep 1n Wear Txsts 
(Part shown in Figs. 5, 6, 7, is encircled.) 


are chosen properly and all conditions over which an operator |||} 
has control are kept constant, various types of tool wear and fail- 
ure will result. In analyzing performance data of a set of cutters | 
run for several months on the same kind of workpiece, eight ||} 
different types of wear (4) were established, four of which were \) 
classed as objectionable because blades in which these types of ||) 
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Fig 5 Progressive WEAR ON A TUNGSTEN-TITANIUM CarBIDE Minuinc TootH WHEN MiLiinG STEEL WorKPIECES oF 200 Bun 
(Cutting speed, 428 fpm; feed, 0.0115 ipt. For section and position of blade see Fig. 4.) 
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Fig. 6 Progressive WEAR ON A TuNGSTEN-TIT 


ANIUM CaRBIpE Minune Toora WHEN Mr 


(Cutting speed, 428 fpm; feed, 0.0115 ipt. For section and position of blade see Fig. 4.) 


LLING STEEL Workpieces or 300 Bun 
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Fic. 7 Progressives WEAR ON A TuNGsTEN-TiTANIUM CarBipe Mittinc Toora WHEN Miuiine Sten, WoRKPIECES OF 400 Bux 
(Cutting speed, 130 fpm; feed, 0.0045 ipt. For section and position of blade see Fig. 4.) 
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wear occurred could not be reconditioned easily by simple re- 
grinding. ; 

Progressive wear on a tungsten-titanium carbide blade is illus- 
trated in Fig. 5. A freshly ground carbide milling blade was 
photographed after each pass on a 200-Bhn steel test bar 11/2 in. 
wide and 12 in. long when face-milling at a depth of 0.125 in. 
with a feed of 0.011 ipt at a cutting speed of 428 fpm. After 14 
passes, which was an average performance in these tests, the pe- 
ripheral wear was !/3,in. Cutters whose performances are plotted 
in Figs. 2 and 3, were removed from the machine when they 
showed !/3:-in. peripheral wear. It is at this stage of wear, which 
can be measured easily, that cutters should be removed for re- 
grinding, since the rate of wear will increase rapidly beyond this 
point and the likelihood of spalling, chipping, and breakage of 
the blade will become greater. When tool wear has progressed 
this far, the power required generally will have increased between 
30 and 40 per cent. Regrinding a blade at this point will be 
simple and economical. The few extra passes that may be ob- 
tained beyond this point do not justify the increase in cost of re- 
conditioning a blade that has worn more or that quite frequently 
may have been broken or severely chipped through use beyond 
1/3.-in. peripheral wear. 

As is shown in Fig. 6, the tool will wear more rapidly when a 
300-Bhn test bar is milled under the same conditions as was the 
200-Bhn test bar. After the ninth pass 1/3:-in. peripheral wear 
had been reached. This performance is better than average for 
300-Bhn test bars plotted in the lower part of Fig. 3. Generally, 
chipping of the blade, which can be seen after the eighth pass in 
Fig. 6, occurred much earlier and the cutter frequently failed be- 
fore it had worn 1/32 in. on the periphery. A slower cutting speed 
of about 300 fpm and a finer feed of about 0.006 ipt would have 
improved the tool-life performance on 300-Bhn test bars. 

The 400-Bhn specimens were machined at a speed of 130 fpm 
and a feed of 0.0045 ipt, since the tool life was practically zero at 
the speed and feed used for the 200 and 300-Bhn samples. 

Fig. 7 illustrates progressive wear of the carbide blade when 
milling a 400-Bhn steel test bar of the same dimensions as used 
in tests on softer material. These photographs cannot be used in 
direct comparison with those in Figs. 5 and 6 since the conditions 
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have been changed. The wear on the carbide tip is uniform for 
the first five passes and after the sixth pass flaking can be ob- 
served, but this flaking is on a part of the blade which does no 
cutting.. About midway through the eleventh pass a large por- 
tion of the carbide blade face had flaked off, and, with a little con- 
tinued cutting, a crater had begun to form on the new rough sur- 
face. Itis this flaking and chipping of the carbide tip which can be 
observed when milling harder workpieces. Cutters will fail fre- 
quently before they have reached the '/s2-in. wear mark on the 
periphery. ; 

Even when milling the same workpieces of mild steel under 
identical conditions, with the exception that cutting speeds were 
varied from 130 to 3300 fpm, the same carbide tips wore more 
rapidly at the higher cutting speeds (3). 

Low cutting speeds and feeds and a rigid machine are pre- 
requisites for milling materials difficult to machine, e.g., die 
blocks used in drop-forging. A number of die blocks.24 X 6 X 18 
in., which had to be reworked, were face-milled at 0.250 in. depth 
of cut with a 10 in. C.S.M. cutter at a cutting speed of 100 fpm 
and a feed of 2ipm. It was only at these low cutting speeds and 
feeds that an average of 12 passes per cutter could be obtained. 
At higher cutting speeds and feeds the cutter would fail quite 
frequently after only one or two passes. The machine used in 
these tests was a Kearney & Trecker C.S.M. bed-type machine, 
which due to its rigid, bed-type construction and high accuracy 
permitted this type of milling. 

The power requirements, as measured with a wattmeter, were 
very high. Another indication of the large amount of work re- 
quired in this particular milling job was the high temperature of 
the chips, which would reach 1400 F, as determined by compari- 
son of the chip color with a heat-color chart. 

In another series of machining tests, this die block was heated 
in a furnace to 1800 F-and then mounted in an insulated fixture 
on the milling-machine table. The milling of this heated die 
block started when the block was about 1500 F, as determined by 
comparison with a heat-color chart, and the temperature con- 
tinued to drop slowly as the tests proceeded. The power re- 
quired, as measured by a wattmeter, is plotted as the lower line 
in Fig. 8. After the block had cooled to room temperature its 


NET HORSEPOWER 


Fie. 8 HorsrroweR, Requirep WHEN Miuiine a Diz BiocK 
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FEED IPM 


(Upper line indicates power required to mill block in “as-received” condi- 


tion, 


Lower line shows power required when block was at 2 temperature 


of about 1500 F, and center line indicates power after block had cooled again 
to room temperature.) 
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hardness had dropped from an average of 400 Bhn to 350 Bhn, 
which also reduced the power needed to that indicated by the 
middle line in Fig. 8. When the block was at room temperature 
in the state as received, the power consumption was as shown 
by the upper line. Due to the interrupted type of cut in milling, 
tool life is comparatively good when machining a heated work- 
piece, because the tooth has a chance to cool in the air between 
cuts. Changes of microstructure and accuracy in the workpiece 
are unavoidable under these conditions, but a difficult milling 
_ job can be made easier this way. Care should be taken to pro- 
vide proper protection against the heat flow from the workpiece 
into the machine, either by insulating with layers of asbestos 
or by circulating a coolant in the table or fixture. 


CoNncLUSIONS 


When production or tool-life tests are unavailable, the hard- 
ness of steel can be taken as a guide in choosing preliminary values 
of cutting speed and feed. 

In general, the harder a steel is, the greater will be the work 
required to machine it and the shorter will be the tool life if setup 
conditions, cutting speed, and feed are the same as those used 
for identical, but softer, steels. 

A reduction in the cutting speed and use of finer feed will in- 
crease the tool life when milling harder steels. Heating a work- 
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piece to about 1500 F will decrease the power requirements ap- 
preciably, and, combined with the intermittent cutting char- 
acteristic in milling, will also result in good tool life. Machine 
rigidity and optimum cutter design become increasingly more 
important with the machining of the harder alloy steels. 
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Mechanics of Formation of the Discontinuous 
Chip in Metal Cutting 


By MICHAEL FIELD! anp M. E. MERCHANT,? CINCINNATI, OHIO 


The geometry, mechanics of formation, and plasticity 
conditions for the “continuous” type of chip have been 
analyzed in detail as a result of previous research. The 
present paper formulates a similar analysis of the “dis- 
continuous” type of chip. In this type of chip forma- 
tion, segments are formed by rupture which occurs inter- 
mittently on the shear plane as the cutting tool progresses. 
As the tool advances into the cut immediately following 
rupture of a segment, the metal is first deformed plas- 
tically and the angle of shear is large. Rupture is pre- 
vented during this stage by the fact that the compressive 
stress on the shear plane is high enough to permit the 
metal to undergo considerable shearing strain without 
fracture. As the tool progresses, the shear angle falls 
until the compressive stress becomes sufficiently low (or 
the shearing strain becomes sufficiently high) to permit 
fracture. The cycle then repeats. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


A = instantaneous cross-sectional area of “chip” before 
removal from workpiece = tw; 
Ae = cross-sectional area of chip before removal from 
workpiece = fw; 
= machining constant = arc cot k 
= distance traveled by tool measured from instant of chip 
rupture 
F, = cutting force; force component acting in direction of 
motion of tool relative to workpiece 


eH Ge) 
| 


F,, = force component acting in direction normal to shear 
plane 
F, = shearing force; force component acting in direction of 


shear of metal, in shear plane 
F, = thrust force; force component acting in direction per- 
pendicular to F,, and to surface generated 
k = slope of linear curve relating shear stress to compressive 
stress 
K = slope of linear curve relating shearing strain of metal to 
compressive stress under rupture conditions 
N = normal force; force component acting perpendicular to 
tool face 
R, R’ = resultant forces; forces acting between chip and tool and 
between chip and workpiece 
r, = cutting ratio 
S) = shear strength of metal at atmospheric pressure 


1 Research Engineer, The Cincinnati Milling Machine Company. 
At present, Director of Applied Metal Cutting, Metcut Research 
Associates, Cincinnati, Ohio. Jun. ASME. ; 

2 Senior Research Physicist, The Cincinnati Milling Machine 
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S,, = compressive stress acting perpendicular to shear plane 
S, = mean shear stress on shear plane 
S,’ = mean shear strength of metal being cut 
t = instantaneous thickness of chip in discontinuous cutting 
t, = thickness of chip before removal from workpiece = 
maximum depth of cut for discontinuous chip 
t; = thickness of chip after removal from workpiece, as 
measured in direction perpendicular to face of cutting 
tool 
V. = cutting velocity, velocity of tool relative to workpiece 
V, = chip flow velocity; velocity of chip relative to cutting 
tool 
V, = velocity of shear; velocity of chip relative to workpiece 
w = width of chip before removal from workpiece 
W,. = work done in cutting, per unit volume of metal removed 
W, = work done in overcoming friction between chip and tool, 
per unit volume of metal removed 
W, = work done in shearing of metal, per unit volume of 
metal removed 
a = oblique rake angle of tool measured in plane perpendicu- 
lar to its cutting edge = true rake angle for case of 
orthogonal cutting 
e« = shearing strain undergone by chip under process of 
removal 
€ = shearing strain of metal at rupture under atmospheric 
pressure : 
¢, = shearing strain required to produce rupture 
uw = coefficient of friction acting between sliding chip and 
tool face = F/N 
= friction angle = arc tan wu 
= shear angle; angle between shear plane and surface 
being generated measured in plane perpendicular te 
cutting edge of tool = shear angle to horizontal sur- 
face 
¢: = shear angle at rupture 
¢2. = shear angle to inclined surface 


4 
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INTRODUCTION 


The process of metal cutting is a vital link in all stages of manu- 
facturing. It would, indeed, be difficult to think of any product 
that did not directly or indirectly involve some phase of the metal- 
cutting process, namely, turning, drilling, milling, shaping, plan- 
ing, hobbing, or boring. For this reason, the advancement of 
our present-day technology is intimately bound up with the 
advancement of our knowledge of the machining process. The 
importance of assuring that this knowledge be of an engineering 
rather than an empirical nature is evident. 

Anyone who is familiar with machining operations is aware 
of the fact that in some cases the process of metal removal re- 
sults in chips which are broken up into segments, while in other 
cases chips are formed as continuous ribbons of varied length. 
Ernst (1) has pointed out that there are actually three basic 
types of chips, namely, Type 1, the discontinuous chip; Type 2, 
the continuous chip; and Type 3, the continuous chip with built- 


3’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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up edge. Merchant (2) has made a fairly complete mathematical 
analysis of the geometry, mechanics, and plasticity conditions 
governing the formation of the Type 2 chip. The present paper 
formulates a similar analysis of the Type 1 chip. The impor- 
tance of engineering knowledge of such a nature is evident when 
one stops to realize that, almost without exception, a discontinu- 
ous chip is formed in all machining operations carried out on such 
important materials as cast iron, brass, and bronze. 

J. Thime (8), in 1878, was the first to study and report on the 
basic difference between the continuous and discontinuous types 
of chips. Among the subsequent investigators who recognized 
the distinct nature of a discontinuous chip and devoted some 
study to it were G. Sellergren (4) (1896), Rosenhain and Sturney 
(5) (1925), M. Okoshi (6) (1930), O. W. Boston (7) (1930), 
F. Schwerd (8) (1932), and Ernst and Martellotti (9) (1935). In 
1938, H. Ernst (1) set forth his clear exposition of the three basic 
chip types enumerated in the foregoing. 


MECHANICS OF THE ConTINUOUS CHIP 


The mechanism of formation of the continuous chip without 
built-up edge (Type 2) is basic to the remaining types of chip 
formation. An understanding of the mechanics associated with 
the Type 2 chip is therefore a necessary approach to the present 
analysis, 

The geometry of formation of the Type 2 chip, in the case of 
orthogonal cutting, is illustrated schematically in Fig. 1, which 
also shows the force system acting on this type of chip. In this 
simple case, the chip is formed by a process of shear which is con- 


WORK PIECE 


Fie. 1 ScuHematic REPRESENTATION OF GEOMETRY AND ForRcE 
System in Case oF ORTHOGONAL CUTTING AND A TyPr 2 CHIP 


fined to a narrow zone extending from the cutting edge of the tool 
to the surface of the workpiece. This zone of shear may be 
approximated by a single plane known as the shear plane, shown 
making an angle ¢ with the work surface in Fig. 1. As the cut- 
ting tool advances, the metal lying ahead of it passes through this 
plane of shear where it is deformed to produce the chip, which 
then slides up the face of the tool. In the case of the Type 2 
chip, this shear occurs without fracture of the metal and so a con- 
tinuous ribbon is formed. 

Important geometrical quantities in this process of chip forma- 
tion, in addition to the shear angle ¢, are the ratio of the chip 
thickness before removal to that after removal (é/t:) which is 
known as the cutting ratio r,, the rake angle of the tool a, the 
shearing strain undergone by ‘the chip metal during plastic 
deformation e, the cutting speed V,, the shearing speed of the 
metal during deformation V,, and the speed of sliding of the chip 
over the cutting tool V,. 

The mathematical relationships existing between these quanti- 
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ties in the case of orthogonal cutting and a Type 2 chip are 
as follows 


tan @ = _ = sn iract DON Ihe Hee [1] 
LS 7a Sine: 
e = cot d + tan (6 — a).....-......- [2] 
Vi = V2 ee [3] 
cos (¢ — a) 
i cao Aa pe aS [4] 


“ cos (¢ — a) 


The force system shown in Fig. 1, acting during chip formation, 


is derived from the principle that the chip must be held in stable | 


mechanical equilibrium by the forces acting on it. Quantities 
important to this force system are the cutting force in the direc- 
tion of tool travel F,, the thrust force perpendicular to the surface 
generated F,, the coefficient of friction between chip and tool », 
the friction angle 7, the friction force between chip and tool F, 
the shearing force responsible for plastic deformation of the 
metal F’,, the shearing stress on the plane of shear S,, the compres- 
sive stress on the plane of shear S,, the work consumed in over- 
coming friction between chip and tool W,, the work consumed in 
shearing the metal at the shear plane W,, and the total work done 
in cutting W,. The mathematical relationships existing between 
these quantities during the formation of the Type 2 chip in the 
case of orthogonal cutting, are as follows 


F,+F,tan a 
L= gs eee es tits Covi ca et netegen eet [5] 
ss PCOS: Qa, SID Osc Manso eee ern [6] 
F, = Ros 6 = al ee 
Se oe 
Ao 
Spo=<Sy tani 7! la) tn jatdadecs eee [9] 
F sin ¢ 

Ve hobo enueer 
“! Ao cos (¢ — a) Sa 
W, = Sel eee ene aa [11] 
Wee Wi na hgh ot kalacteahn ee [12] 
P, & eee eee re [13] 


~ xsi @ cos Gist. —@) 


The equilibrium conditions which control the size of the shear 
angle, i.e., the direction of plastic deformation ahead of the tool, 
are determined by applying the principle of minimum energy to 
the process of chip formation. The resulting plasticity condition 
(for the case of orthogonal cutting and a Type 2 chip) is given, by 
the equation 


Here a is the rake angle of the cutting tool and r+ is the angle 
whose tangent is the coefficient of friction between chip and tool 
(see Fig. 1). The quantity C is knewn as the machining constant. 
It is related in theory to the plastic properties of the material 
being cut by the equation 


Cl=arevotik; hia. Aue, ae [15] 
The quantity & is the slope of the straight line relating shear 
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strength to compressive stress. Equations [14] and [15] are 
first approximations, but have been found to agree well with 
experiment in the case of the continuous type of chip (Type 2). 


ForMATION oF DiscontTINUOUS CHIP 


The discontinuous chip is produced when cutting inherently 
“brittle” materials such as cast iron or when machining ductile 
materials at low cutting speeds in the absence of cutting fluids. 
In the latter case the discontinuous chip is associated with the 
high friction that is known to exist between the tool and chip. 
It was the object of this investigation to formulate an analysis 
consistent with the foregoing facts. 

The basic difference between the mechanism of formation of 
the discontinuous chip and that of the continuous chip is that 
instead of shear occurring ahead of the cutting tool continuously 
without fracture, rupture intermittently occurs on the shear 
plane. This introduces new factors into the geometry of chip 
formation, which must be treated in the present analysis. In 
addition, the factors governing the mechanics of the intermittent 
fracture on the shear plane must be subjected to analysis. 


The cutting action which produces a discontinuous chip was 
studied by taking moving pictures, through a microscope, of 
bronze being cut by a planer-type tool under orthogonal cutting 
conditions. As the tool advanced with respect to the work, chip 
segments were produced at approximately a uniform rate. Se- 
lected frames of such a movie showing the formation of a single 
chip segment, are shown in Fig. 2. Sketches corresponding to 
these photographs are shown in Fig. 8. In frame 1 the tool is 
just beginning to advance into the inclined work surface that was 
produced by the previously ruptured chip segment. In frame 
16 the metal distortion indicates that the shear angle is high 
and that the shear plane extends to the inclined work surface. 
As the tool advances, the shear angle ¢ rapidly decreases. When 
the tool is at the position indicated in frame 20, the shear plane 
extends to the horizontal surface, as indicated by the start of 
curvature of this horizontal work surface. As the tool advances 
further the shear angle continues to decrease and eventually 
rupture occurs along the shear plane, producing a chip segment, 
as in frame 39, after which the cycle repeats itself. 

In order to account for the fact that shear occurs to the in- 


Fic. 2 Succresstve Frames From Motion Picrure SHowine Staces IN CompLete CYCLE OF 
DisconTINUOUS-CHIP-SEGMENT FORMATION 
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Fig. 3 SkxercHes TraceD From PHOTOGRAPHS OF Fie. 2 
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elined surface at the start of the cycle and then changes over to 
the horizontal surface during the latter part of the chip-segment 
formation, the geometry, mechanics, and plasticity conditions 
during these two phases of chip-segment formation were investi- 
gated for the case of orthogonal cutting. 


Priasticiry CONDITIONS 


Let Condition A represent the case where shear is occuring 
from the cutting edge to the inclined surface and Condition B the 
ease where shear is occuring to the horizontal surface. Condition 
A is the situation that exists during the start of the chip-segment 
formation, while Condition B exists during the latter stage of the 
segment formation. 

Condition A: Shear Occurring to the Inclined Surface. Fig. 4 
shows the tool after it has advanced a short distance d into the 


Fie. 4 Grometry or INITIAL STAGE OF CYCLE OF CHIP-SEGMENT 
FORMATION 


workpiece which originally had the shape OCE. 


Let 
t, = total depth of cut 
t = instantaneous depth, i.e., vertical distance from ma- 

chined surface to intersection of shear plane AB with 
inclined surface OC 

¢: = shear angle at rupture 

¢2 = shear angle while shear plane extends to inclined surface 

¢ = shear angle while shear plane extends to horizontal sur- 
face 

@ = distance traveled from point O 

w = width of workpiece 


Depth ¢ can be expressed in terms of ¢1, ¢2, and d as follows 


sin ($2 — $i) _ sin dr 
d AB 
t = AB sin ¢ 
d sin i 
£2 ee eh A ae [16] 
sin (¢2 — ¢1) 
The instantaneous cross-sectional area A is 
7 ipelag nee IN oe Be lho 05 [17] 


sin (¢2 — ¢1) 


The instantaneous cuttmg force F, becomes, on substituting A 
from Equation [17] for Ao in Equation [13] 


pesigvndn sin ¢; cos (r — a) 
sin (¢d2 — ¢1) cos (¢2 + rt — a) 


where ¢2 indicates that shear is occurring to the inclined surface 
rather than the horizontal surface. The value of the shear angle 
¢2 will be determined by the minimum-energy principle, i.e., 
since the force /’, is responsible for the total work, ¢2 must assume 
such a value as to make Fa minimum. 

Assume that the shear strength S,’ of the material being cut is 
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a linear function of the compressive stress acting on the shear | 
plane or 


then, from Equation [9] 


iti So 
~ 1—k tan (¢2 + r — a) 


Sa 


where ¢2 has replaced ¢ of Equation [9]. 
[20] into [18] 


Fo = 


Substituting Equation 


So wd sin ¢1 cos (r — a) 
sin ($2 — ¢1) cos (¢2 + 7 — &) — ksin (¢2 — gi) sin ($2 + 7 — @) 


Apply the minimum-energy principle to Equation [21], ie., 
differentiate F, with respect to ¢2 and equate to 0. The result is 


cot (262 + r —a—ad) =k............ [22] 
or 
oe tes | eee [23] 
where, as in the case of the continuous chip 
CEA CHCOU Kaa ren: os aor ee [15] 


Condition B: Shear Occurring to the Horizontal Surface. As 
the tool advances into the workpiece, eventually the shear plane 
is observed to extend to the horizontal surface instead of to the 
inclined surface. Under this condition the depth of cut becomes 
t; and the shear angle is called ¢ instead of ¢». 

The continuous-chip theory is assumed to hold for this condi- 
tion up to the time of rupture. The shear angle ¢ is thus ex- 
pressed by the equation 


for the general case, where the shear strength of the material is 
assumed to be a linear function of the compressive stress acting 
on the shear plane. As in the case of the angle ¢: in Equation 
[23], the shear angle ¢ in Equation [14] continually decreases as 
the tool advances, reaching a minimum value at the instant of 
rupture. The reason for this steady decrease in shear angle is 
that the friction angle 7 in Equations [23] and [14] is also a varia- 
ble and increases as the tool advances, due to the cleansing action 
of the chip as it slides over the tool face. Angle 7 reaches its 
maximum value at the instant of rupture. 

The experimental study which is described in detail later in the 
paper reveals that Equations [23] and [14] are poor approxima- 
tions to. the conditions existing during the formation of the chip 
segment prior to rupture. Evidently the simple assumptions 
made concerning the conditions governing plastic deformation 
do not apply well to this portion of the cycle of chip-segment for- 
mation. Therefore the use of these equations in analyzing this 
portion of the cycle should be limited to ‘qualitative’ interpre- 
tations only. However, Equation [14] was found to hold quite 
well at the instant of rupture, i.e., when ¢ = qi. 


GEOMETRICAL AND Forcr RELAT-ONSHIPS 


It is evident from the foregoing discussion of the process of 
formation of the discontinuous chip that the same basic Equa- 
tions [1] through [13], which describe the geometry and force sys- 
tem in the case of the continuous chip (Type 2), can be applied to 


FIELD, MERCHANT—MECHANICS OF FORMATION, DISCONTINUOUS CHIP IN METAL CUTTING 


the discontinuous chip, provided that the proper values of in- 
stantaneous shear angle and instantaneous chip thickness or 
cross-sectional area are used in them. There is no need to re- 
peat these equations here. However, the plasticity conditions 
represented by Equations [14] and [15] apply only ‘“qualita- 
tively,” except at the instant of fracture. 

If ¢ is replaced by ¢: in Equations [1] through [14], these equa- 
tions then can be used to analyze the conditions existing at the 
instant of rupture in the process of discontinuous-chip formation. 
Values of the rupture angle ¢, and of the instantaneous tool 
forces must of course be observed to do this. 

At the instant of rupture the shear angle is well defined and 
can be determined quite accurately either by observation from a 
photograph (see Fig. 2), by visual observation of the cutting 
process through the microscope, or by direct measurements on 
the chip segments produced in cutting. 

In general, the chip is observed to have the trapezoidal shape 
OPQR, Fig. 5. The long leg of the trapezoid OP is an accurate 
indication of the length of the shear plane at rupture. Hence 


ce) 


Fic. 5 ApproxiMaTE CHIP GEOMETRY AT FRACTURE 


the shear angle at rupture can be determined from the relation 


The length OP can be measured fairly accurately on the chip 
py using a Brinell microscope. A better method, however, is 
first to mount the chip in plastic and then polish the surface to 
give better definition of the cross-sectional area. 


EXPERIMENTAL STUDY OF DIScoNTINUOUS-CHIP FORMATION 


The question of what variables and relationships control the 
fracture process that is responsible for segmental chip formation 
is not answered by the foregoing theory and analysis. Experi- 
mental data are needed to solve this problem. Such an investi- 
gation requires the simultaneous determination of the instantane- 
ous forces acting between tool and work as well as the instan- 
taneous conditions of shear within the workpiece. 

The arrangement shown in Fig. 6 was used for such a study. 
The workpiece was clamped in a dynamometer which deflected 
under load. The deflection was amplified by an integral me- 
chanical lever arrangement and the amplified deflection was 
measured by a 4/10,ow-in. dial indicator. The tool was carried 
in another dynamometer attached to the overarm of a milling 
machine. This dynamometer measured the horizontal deflection 
of the tool by means of another !/0,00-in. dial indicator. By 
suitable calibration, the deflections of the tool and work dyna- 
mometers gave the cutting force F, and the thrust force /’,, re- 
spectively. 

The two orthogonal force readings F’, and F’, were sufficient to 
determine the entire force system of Fig. 1, and, together with 


425 


oe 


Fie. 6 ExprerimentaL Setup ror Srupy or Discontinvous-CHIP 
Formation THrRovucH Microscope 


Fic. 7 ARRANGEMENT OF Momtion-PicrurRE CAMERAS FOR SIMUL- 
TANEOUS ReEcorDING oF Toot Forces anp Curie GEOMETRY 


the knowledge of the depth of cut, width of cut, and cutting 
velocity, provided all the data necessary for the determination 
of the shearing strain, stresses on the shear plane, coefficient of 
friction, etc. 

The deformation of the workpiece while cutting was observed 
through a low-power microscope which was attached to the 
overarm, Fig. 6. 

In order to record simultaneously the cutting action seen 
through the microscope and the readings of the tool and work 
indicators, two ‘Ciné Kodak Special” movie cameras, Fig. 7, 
were used. ‘The microscope camera was attached to the overarm 
by a bracket so that the axis of the microscope was in line with 
that of the camera shutter. The lens was removed from this 
movie camera. 

The second movie camera was set up on a tripod and was fo- 
cused on the two dial indicators as well as on a stop watch which 
was attached to the milling-machine table. The illumination for 
this latter camera came from a No. 2 photo flood lamp placed 30 
in. from the workpiece. 

The synchronization of the force readings with their correspond- 


426 


ing chip segments was accomplished as follows: The cut was 
first started and at the same time the stop watch was started, 
after which both movie cameras were turned on. Next the 
entire illumination system was switched on from a single switch. 
After cutting for about !/: min the lights were switched off after 
which the movie cameras were stopped. The interval of illumi- 
nation produced by the switching on and off of the lights was 
clearly visible on each of the movie films so that a definite position 
of starting and stopping of the scene could be determined accur- 
ately. About 1 to 2 sec was required to form a single chip seg- 
ment. The speed of the movie films was 24 frames per sec so 
that there were between 25 and 50 frames showing the formation 
of each segment. 

Various types of bronzes and cast irons were cut, and it was 
found that the best material for observation was Ampco No. 15 
bronze, having a composition of 87 per cent Cu, 10 per cent Al 
‘and 3 per cent Fe. This material has a tensile strength of 80,000 
psi, a yield point of 45,000 psi, and a hardness of 175 Brinell. 

The workpiece was 1/2 in. long, 3/15 in. thick, and #/,in. high. 
The top of the workpiece was machined, as shown in Fig. 8, so 
that the actual width of cut was 0.050 in. Various depths of 


050 


\ 
% 


: Fig. 8 WorkpPiEcE Usep IN EXPERIMENTAL STUDY 


cuts from 0.005 to 0.020 in. were used. The cutting velocity was 
held constant at 0.515 ipm. This speed was obtained by feeding 
the table toward the tool. 

_ The cutting tool was made of high-speed steel and had a true 
‘rake of +14 deg and a clearance angle of 6 deg. 

Selected frames from a scene showing the formation of a single 
chip segment are shown in Fig. 2, and corresponding sketches are 
shown in Fig. 3. Here the depth of cut was 0.015 in. and the 
camera speed was 24 frames per sec. The sequence of events 
represented by these frames has already been described. The 
data corresponding to the formation of this same segment are 
given in Table 1. 

The behavior of the forces during the formation of a segment is 
shown in Fig. 9, where F, and F, are plotted against the tool 
travel d for two depths of cut, 0.015 in. and 0.020in. The cutting 
force F’, rises rapidly at the start of the cut but tapers off to a very 
slow rise at about one half the total tool travel. The cutting 
force was never observed to decrease between the start of a chip 
segment and the time of rupture. The observed thrust force F, 
had a positive value immediately after rupture. This value is 
due to the elastic deflection of the work and tool dynamometer. 
However, i. this study the initial thrust value represented an 
error in so far as the analysis is concerned. The thrust force 
assumes its correct value some time after the tool enters the cut 


TABLE 1 

— —Observed: a 
Fe, Ft, d, t, @, 

Frame lb lb in. in. deg 
1 0 0 0 0 one 

16 84.5 0.3 0.0019 0.008 77 
20 89.8 —0.9 0.0026 0.015 67 
28 96.2 —4.0 0.0047 0.015 52 
32 100.3 0.9 0.0052 0.015 49 
38 100.3 1.7 0.0076 0.015 43 
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and, for some distance prior to fracture, the thrust force is the 
true value for that particular segment. The effect of the error 
was greatest on the evaluation of the correct friction angle r, or 


the coefficient of friction «, especially during the first portion of | 


the tool travel (see Fig. 10). The actual values of the coefficient 
of friction in the region near the start of the segment can be sur- 
mised only. 

The accuracy of the force readings is greatest prior to the time 
of rupture. 


tween the continuous and the discontinuous chip. The accuracy 
of the force readings at rupture are at their highest since the 
dynamometers have had time to steady themselves from the 
shock of’ the previous rupture. Likewise the shear angle at 
rupture can be directly measured rather than inferred. 

Data on the rupture conditions for 10 successive chip segments 
are given in Table 2. After examining such data immediate 


TYPICAL DATA SHEET—MOVIE SCENE G, 7TH SEGMENT, ti = 0.015 IN. 


— —— Caleulated——_—_= 
=e T S’s, Sn, 
deg deg LB € psi psi 
0.2 14.2 0.25 2.19 41300 182000 
—0.5 13.5 0.24 1.75 44000 101000 
—2.4 11.6 0.21 1.59 65500 76600 
—0.5 14.5 0.26 1.58 65400 76500 
1.0 15.0 0.27 1.63 65500 63200 


This is fortunate since the rupture conditions are the ) 
most important, for herein lies the characteristic difference be- | 
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TABLE 2 MOVIE SCENE G. TL CONDITIONS, DEPTH OF CUT 


— Observed —— 

Seg- cy Fi, 1, aed 

ment lb lb deg deg 

1 S45 2.270, 42 1.5 

2 84.7 5.38 30 3.6 

3 S427 48.22 42 5.6 

4 95.2 2.83 41 10 

5 95.2 5.67 48° 3.4 

6 100.5 2.27 52 1.3 

7 100.5 4.53 43 2.6 

8 105.7 8.78 39 4.7 

9 1050 738512)". 385 ef 

10 LO5a7 “3i2) 745 arg 
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interest was aroused by the wide variation that was obtained for 
¢i, the shear angle at rupture. The variation in ¢ in this series 
of segments is seen to be between 30 deg and 52 deg. Similar 
wide variations were observed when taking the other cuts. The 
reason for this wide variation seems evident. Polyqrystalline 

metal is far from homogeneous. Thus the values of those prop- 
erties of the metal which control fracture will vary from point 
to point along the path of the tool and so the individual values of 
shear angle at fracture, ¢;, may vary considerably from seg- 
ment to segment. Only average values of shear angle at frac- 
ture, taken from a number of successive segments, have signi- 
ficance in relation to the average or bulk properties of the work 
material. 


RuvuptTuRE ConpDITIONS IN CuTrTING 


With the aid of the data obtained in the experimental study 
the conditions controlling the rupture process in discontinuous- 
chip formation were studied in detail. It is known from studies 
on metals, such as those reported by Bridgman (10), that the 
amount of plastic shearing strain necessary to produce fracture 
increases aS compressive stress is applied to the planes of shear. 
The greater the compressive stress, the greater the ductility. The 
relationship between shearing strain required for rupture and 
compressive stress is roughly of the form 


ee eats entibet 5 bead [25] 
where 
e, = shearing strain required to produce rupture 
€ = shearing strain required to produce rupture at zero com- 
pressive stress 
K = slope of shearing strain - compressive stress curve. 


. Thus in metal cutting, fracture will occur on the shear plane 
(and therefore a discontinuous chip will be formed) whenever 
the shearing strain e of Equation [2] becomes equal to or greater 
thane, This rupture condition can be expressed mathematically 
by combining Equations [2] and [25], bearing in mind that at 
rupture the shear angle is called ¢. Thus 


cot ¢d: + tan (61 — a) Zat+ KS, 


To a first approximation, Equation [26] establishes the value 
of the minimum shear angle ¢; at which fracture will occur when 
cutting a given metal. As a tool enters a cut and advances into 
the metal, the shear angle will at first fall, due to the increasing 
friction between chip and tool, as shown by the experimental 
study already described. If, during this process, the shearing 
strain rises to a high enough value, or the compressive stress 
drops to a low enough value (or both), to satisfy Equation [26], 
then a discontinuous chip will result. If, however, the equilib- 
rium value of the shear angle (controlled by Equation [14]) is 
arrived at before the shearing strain rises high enough or the com- 
pressive stress falls low enough to satisfy Equation [26], then a 
continuous chip will result. 

In the case of the experimental study on Ampco bronze re- 


—Calculated 


T S’s, Sn, c* 
deg “ € psi psi deg 
15.5 0.277 1.64 49600 47000 85.5 
17.6 0.317 2.02 42700 28300 63.6 
19.6 0.356 1.64 46500 46800 89.6 
15.7 0.281 1.66 55500 51200 83.7 
17.4 0.313 1.58 53300 6680 99.4 
15.3 0.273 1.56 57200 76700 105.3 
16.6 0.298 1.63 58200 59200 88.6 
18.7 0.339 1.70 58200 55500 82.7 
15.7 0.281 1.81 58800 37700 71.7 
15.7 0.281 1.60 61700 65500 91.7 


ported herein, it was found that the shearing strain varied little 
with shear angle over the range of angles which occurred. This 
is illustrated, for example, by the data in Table 1. The reason 
for this is found in the fact that shearing strain, as calculated 
from Equation [2], is nearly independent of shear angle over the 
range from 30 deg to 70 deg, in the case of a 14-deg-rake-angle 
tool, and this happens to be just about the range of the shear 
angle ¢ occurring when the bronze was cut. This is illustrated in 
Fig. 11. Therefore, in the case of this material, the occurrence of 
fracture must be attributed mainly to the large decrease in com- 
pressive stress which takes place as the shear angle falls during 
the advance of the tool. This rapid decrease of compressive 
stress is illustrated, for example, by the data in Table 1. 

The mechanism by which Equation [26] becomes satisfied dur- 
ing the course of chip-segment formation is illustrated in Fig. 12. 
Data covering the formation of three different chip segments, 
taken from the motion-picture films, is plotted there. The 


€= cot pttan (p- a) 
(a=+14°) 
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Fig. 11 Gromerricat RELATION oF SHEARING STRAIN TO SHEAR > 
ANGLE, SHOWING RANGE OF SHEAR ANGLE ¢ OBSERVED IN EXPERI- 
MENTAL STUDY 


broken line, marked ‘‘Assumed relation at rupture,” represents a 
plot of Equation [25] for the values of ¢) and K assumed to hold 
for this metal. The exact values of these two constants are not 
too important; independent tests made on this material indi- 
cated the approximate values to be used. It can be seen from 
Fig. 12 that, at the beginning of chip-segment formation in each 
case, the combination of shearing strain and compressive stress 
lies well away from the required values for fracture. However, 
as the tool advances, although the shearing strain changes little, 
the compressive stress decreases rapidly until finally the shearing 
strain-compressive stress curve intersects the line representing 
the fracture condition, thus satisfying Equation [26], whereupon 
fracture occurs and the cycle is ready to repeat.. 


CoNCLUSION 


The authors realize that the present study is not complete, and 
leaves a number of questions unanswered. However, it is be- 
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lieved that the findings presented in this paper do represent the 
essentials of the geometry and mechanics of discontinuous-chip 
formation. It is hoped that this paper will stimulate further re- 
search by others on this important subject. 
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Discussion 


O. W. Boston.‘ The writer has enjoyed the presentation of 
the authors’ papers on a study of continuous and discontinuous | 
types of chips as presented in various papers during the last | 
several years. Their company is to be commended in permitting | 
them to devote their time to these studies, which have made | 
many people conscious of the value of an understanding of the | 
fundaments of metal cutting. 

The present paper, analyzing the formation of the discontinu- || 
ous type of chip and setting up mathematical formulas for its | | 
treatment, is another valuable contribution in this field. There | 
are still numerous phases of this subject as treated which leave 
the writer doubtful of the premise upon which the present mathe- fj 
matics is based. Certain metal-cutting conditions are necessary ff/ 
to secure the discontinuous chip. One of these is low cutting |f} 
speed. The authors have used an extremely low speed of 0.515 |} 
fpm and a width of cut on a land of 0.050 in. The depth of cuts |f} 
range from 0.005 to 0.020 in. The writer has found that when the 
width of such a land is narrow, the unit force in a direction of cut 
is reduced, all other factors remaining constant. For steel, this | 
critical width was found to be around 0.3 in. It is less for the 
less ductile metals.® 

It is believed that for the narrow width of 0.050 in., the forma- | 
tion of the chip is definitely influenced by the edge effect, which is 
similar to the effect of boundary lubrication in a journal bearing, 
and that the true state of the deformed metal would be well 
within the interior of the chip. Certainly the surface as observed 
by a microscope would not represent the conditions occurring on 
the interior. 

It is well known that cutting speed definitely affects cutting 
forces and the formation of the chip. This has been brought out 
in a paper’ by Messrs. Boulger, Shaw, and Johnson of the Bat- 
telle Memorial Institute. Their curves, Fig. 7, show that the 
feed in hundred thousandths of an inch of the carriage, as a turn- 
ing tool is fed along the work under a constant force, is increased 
as the speed is reduced. There is a definite and marked change 
in the direction of the curves with lower values of feed for each of 
five low-carbon steels, including two Bessemer screw-stock steels, 
when the cutting speed is below 80 to 50 fpm. The writer has in 
mind a value slightly lower than this, 20 to 30 fpm, as being the 
critical speed at which this change in force occurs, based upon his 
own work. Therefore it seems certain that the conditions arising 
from the extreme low speeds used by the authors vary a great deal 
from what might be called normal. 

The writer also has observed through a microscope at 80 
magnification the formation of the discontinuous type of chip 
when cutting at very low speeds, and his own analysis of the for- 
mation does not subscribe to the authors’ shear plane in its true 
sense. It is believed that the authors are using the shear plane 
as a term indicating a plane of appreciable thickness, but it seems 
that the value of the shear angle could be measured with a con- 
siderable plus and minus tolerance. Certainly this work is of a 
pioneering nature, and it is hoped, as the authors have expressed, 
that more interest may be centered on this problem and more 
help obtained by those interested in obtaining data which will 
lead to a complete understanding of the subject. 


: 4 Chairman, Department of Metal Processing, College of Engineer- 
Ing, University of Michigan, Ann Arbor, Mich. Fellow ASME. 
5 “Research in the Elements of Metal Cutting,” by O. W. Boston, 
Trans. ASME, vol. 48, 1926, p. 793. 
his “A Constant-Pressure Lathe Test for Measuring the Machina- 
bility for Free Cutting Steels,” by F. W. Boulger, H. L. Shaw, and 
H. E. Johnson, presented at the Annual Meeting, New York, N. Y., 


November 28—December 3, 1948, of The American Society of Mechani- 
cal Engineers. 


FIELD, MERCHANT—MECHANICS OF FORMATION, DISCONTINUOUS CHIP IN METAL CUTTING 


F. P. Bunpy.’ The analyses given in this paper for the forma- 
tion of No. 2 and No. 1 types of chips are clear, logical, and 
_appear to be mathematically correct. The authors are to be 
congratulated for having done a nice job on this difficult problem. 
However, as they point out themselves, the analyses do not 
explain in detail all the observed facts, and hence a more com- 
plete theory which takes into account second-order effects will 
have to be worked out. 
For example, the simple theory does not predict the curvature, 
or curl, of the No. 2 type of chip. Obviously, this must be due to 
an uneven distribution of stress across the thickness of the chip 
as it is formed. Likewise, in the photomicrographs shown in 
Fig. 2 of the paper the contour of the chip in process of formation 
does not have the exact appearance called for by the theory. It 
appears that the concentration of stresses at the very tip of the 
tool has a pronounced influence on the phenomenon. 
The paper gives no theoretical or experimental values for the 
_ slope constant * in Equation [19], 8’, = So+kS,. The general 
understanding is that for most materials k is small and positive. 
Hence the ‘machining constant,”’ C = are cot k, should always be 
less than (but very nearly equal to) 90 deg, and the shear angle 

-¢ should be influenced only by a few degrees. Actually, the data 
presented in Table 3 herewith (data taken from authors’ Table 1) 

show k to have a negative value (—0.20), which calls for C 
being greater than 90 deg (actually 101 deg), and hence ¢ should 
be greater than 50 deg in this case. Table 2 of the paper shows the 
observed values of ¢i, the shear angle at fracture, to range from 
30 to 52 deg. The 30-deg value of 4, calls for a k value of +0.50, 
and the 52-deg value calls for & = —0.27. Thus it appears that 
in practice the value of k varies widely in a given specimen and 
does not influence the chip behavior very much. The criterion of 
whether a No. 1 or a No. 2 type of chip will be formed apparently 
depends more on the shear-strain versus compressive-stress rela- 
tionship. 


TABLE 3 MOVIE SCENE G, 7TH SEGMENT 
Frame Ss’ psi Sn, psi ¢, deg 
1 an ae os 
» 16 41300 182000 77 
20 44000 101000 67 
28 65500 76600 52 
32 65400 76500 49 
38 65500 63200 43 


A discrepancy in notation exists between Figs. 9 and 10 of the 

-paper. Apparently, from other data given in the paper, the 

depth of cut for Scene G was 0.015 in. and that for Scene H was 
0.020 in. 


R. 8S. Hann.? The authors mention the classification of chips 
as Type 1, the discontinuous chip; and Type 2, the continuous 
chip. In addition, continuous chips often occur which are ser- 
rated, as shown in Fig. 13 of this discussion. It appears that, in 
these chips, plastic flow at first takes place in a zone around the 
“shear plane” and, as deformation proceeds, this general flow 
rapidly localizes to a sudden slip (or a shearing rupture which is 
self-healing). This phenomenon has been observed in ductile 
metals such as copper, bronze, aluminum, mild steel and semi- 
hardened steel, and appears to be independent of the vibrational 
characteristics of the tool and work-holding systems, at least of 
the lower frequency modes of vibration. 

For example Fig. 13 shows a mild-steel chip whose serrations 
correspond to a frequency of over 1,000,000 cycles per sec, the 


7 Research Liaboratory, General Electric Company, Schenectady, 
aN. Y. 

8 Research Engineer, The Heald Machine Company, Worcester, 
Mass. Jun. ASME. 
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Fig. 18 PHorTomMicRoGRAPH OF SERRATED CHIP 
(Mild steel; cutting speed 7900 fpm; xX 400.) 


ORUPTURE DATA: TABLE Zi 
+ PRE RUPTURE DATA: TABLE I 
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Fig. 14 Revation BETWEEN SHEARING STRAIN AND COMPRESSIVE 
STRESS 


spacing being about 0.0015 in. It seems reasonable to suppose 
that the phenomenon studied by the authors is related to the 
foregoing, and to the well-known’ jumplike character of plastic 
deformation described by M. Classen-Nekludowa’ and others. 

In view of this and the fact that the shearing strain at rupture 
is practically independent of normal stress, as shown in Fig. 14 
herewith, a possible explanation of the phenomenon might be as 
follows: As the tool proceeds into the workpiece, the deforma- 
tion, at first being homogeneous, suddenly changes to localized 
slip, with perhaps instantaneous temperature flashes on the 
localized shear plane (similar to Bowden’s temperature flashes be- 
tween sliding blocks) aiding in this instability, since the strength 
of a metal is a strong function of the temperature. At this 
moment the frictional force on the tool face is relieved, and, due 
to the compressed material just below the shear plane, the chip is 
accelerated upward, thereby generating a tensile force which is*a 
necessity if rupture Is to occur. 

Fragmentation of crystals along the shear plane probably also 


9 “TJ ber die sprungartige Deformation,’’ by M. Classen-Nekludowa, 
Zeitschrift fiir Phystk, vol. 55, 1929, pp. 555-568. 
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generates tensile stress over microscopic domains. In this way 
the moment of rupture would be more a function of the shear 
strength of the metal on the shear plane, i.e., when localized slip 
occurred than it would be of the shearing strain as the authors 
have assumed. The large variation of the conditions at rupture, 
shown in Table 2 of the paper, would seem then to be associated 
with variations in shear strength and, as pointed out in the paper, 
is quite reasonable for a polycrystalline material. 

As mentioned previously, if the authors’ data of Table 2 are 
plotted as shown in Fig. 14 of this discussion, it will be observed 
that the strain at rupture is nearly independent of the normal 
stress, quite contrary to the authors’ assumed relation. If the 
assumed relation’ were valid, the data should at least scatter 
around an upward sloping line. On the contrary it follows a re- 
markably smooth curve sloping downward if anything and con- 
necting smoothly with the strain prior to rupture (after correct- 
ng ¢ for segment 9 Table 2 for a numerical error). 


AuTHORS’ CLOSURE 


The authors wish to thank Messrs. Boston, Bundy, and Hahn 
for their comments and suggestions regarding the research results 
reported in this paper. These comments represent considerable 
thought and study on the part of the discussers, and the sug- 
gestions made are on the whole very constructive. 

Professor Boston draws attention to the fact that the cutting 
conditions used by the authors do not correspond to those em- 
ployed in machine shops. This is true. An experimental deter- 
mination of the process of formation of the discontinuous chip is 
complicated by the necessity for the simultaneous observation 
of (1) the force system, and (2) the plastic behavior and rupture 
of the work material. Furthermore complexity is increased by 
the rapidity with which a chip segment is formed, and by the fact 
that no steady-state condition is attained, as in the case of the 
continuous chip. In this research, as simple an experimental 
approach as possible was devised to aid in checking the theo- 
retical development of the physical process of chip-segment for- 
mation. The aim was to establish basic principles, not to dupli- 
cate exact conditions found in normal practice. 

The experimental setup undoubtedly could be improved in 
future investigations so as to provide more accurate instantan- 
eous force measurements. An exact observation of the plastic 
behavior of the metal during segment formation will remain 
an extremely difficult problem. 

Mr. Bundy points out that during the formation of a chip 
segment the machining constant C’ does not remain constant. 
As stated by the authors, this fact is indicative that the actual 
physical behavior of the material is somewhat more complex 
than that depicted by the mathematical development. How- 
ever, at the instant of rupture, the constancy of C is found to be 
good, and any variation can be accounted for by local differences 
from point to point within the polycrystalline metal. Thus the 
quantity C (or k) does have an important influence on chip 
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behavior, even in the case of the discontinuous chip. Its role in 
the case of the continuous chip has been well established pre- 
viously; in that case the value of the equilibrium shear angle 
depends directly upon the value of C. With some metals, C 
is considerably less than 90 deg; with others, it may even be 
slightly greater than 90 deg. 

The occurence of serrated continuous chips is referred to and 
illustrated by Dr. Hahn. Such chips are of course obtained 
under chatter conditions in cutting, but Dr. Hahn is of the 
opinion that the examples he cites are not due to tool vibration. 
However, there is another fairly obvious cause of this type of 
chip formation, and one which actually has been observed in our 
metal-cutting studies; namely, a rapid oscillation in the size 
of the shear angle. Under certain conditions, the shear angle 
is unable to attain a constant equilibrium value, due to inter- 
actions between the variables which control that angle, and so 
it oscillates rapidly in size, giving chip formation of the type 
discussed and illustrated by Dr. Hahn. 

Dr. Hahn is of the opinion that the rupture data, which he. 
plots in Fig. 14 of the discussion, is not in agreement with the 
rupture condition proposed by the authors. He suggests that 
the experimental points which he plots should all scatter at 
random along the assumed rupture relation if the authors’ 
proposal is correct. This contention overlooks two important 
facts: (1) The progress of the shearing-strain and compressive- 
stress values, during the formation of any one chip segment, follows 
a perfectly smooth curve which eventually is terminated by 
rupture, as indicated in Fig. 12 of the paper. (2) the exact point 
along that curve where rupture will occur will vary somewhat 
from one segment to another, in successive cycles of chip-seg- 
ment formation, since the material being cut is bound to have 
local inhomogeneities at successive points along the path of the 
cutting tool. Thus the curve which Dr. Hahn plots in his Fig. 
14, is merely the tail end of the smooth curve plotted in Fig. 12, 
and each of the experimental points on his curve is merely a 
marker indicating where, along that curve, the particular seg- 
ment in question finally ruptured. 

The actual point along the curve at which any given segment 
will rupture must lie somewhere in the vicinity of the assumed 
relation at rupture (given by the broken line), but may lie 
either somewhat to the right or somewhat to the left of this line, 
depending upon the local properties of the metal from point to 
point along the path of tool travel. Thus the experimental 
points at rupture should scatter, but they should all scatter along 
the smooth curve and lie in the vicinity of the broken line, as 
indeed they do. 

Unfortunately, Dr. Hahn has made an error in plotting the 
data in Fig. 14, having plotted all the strain values one unit too 
high (see Table 2 of the paper). On the other hand, the assumed 
relation at rupture is correctly plotted. It will be noted that if 
the strain values be properly plotted, the experimental points 
do indeed scatter about equally on both sides of the broken line, 
along the smooth curve. 


Constant-Pressure Lathe Test for Measuring 
the Machinability of Free-Cutting Steels 


By F. W. BOULGER,? H. L. SHAW,? ann H. E. JOHNSON? 


This paper describes a machinability testing method de- 
veloped during a co-operative research program at Battelle 
Memorial Institute sponsored by The Carnegie-IIlinois 
Steel Corporation. The test evaluates materials on the 
basis of the feed resulting from a fixed horizontal tool 
pressure. Its advantage is that it requires only a short 
testing time. A description of the lathe and auxiliary 
equipment is given, and typical testing results are pre- 
sented. The data indicate that the method has a high 
order of sensitivity and adequate reproducibility of test 
ratings. Constant-tool-pressure machinability-test rat- 
ings were in close agreement with tool-life test values when 
the evidence indicated reliable sampling, and in adequate 
agreement with large-scale commercial machining opera- 
tions. The test seems to offer a means of rating the cut- 
ting quality of free-cutting steels rapidly and reliably with 
the use of small samples. 


INTRODUCTION 


ROM the metallurgical viewpoint, machinability is proba- 

bly best defined as a complex property of a material which 

controls the facility with which it may be cut to the size, 
shape, and surface finish required commercially. Attempts to 
measure machinability are usually based upon determinations of 
tool wear (1),4 chip behavior (2, 3), energy consumption (4), 
or rate of metal removal (5). 

The problems in measuring machinability are manifold. 
Because of the numerous variables involved, machinability rat- 
ings must be based upon shop operations under comparatively 
uncontrolled conditions, or on laboratory tests with conditions 
simplified by various assumptions. The latter method seems 
preferable. 

In a general way, low strength and low ductility during cutting 
seem to be desirable for good machinability. Since these proper- 
ties are mutually contradictory for most metals, the desired 
balance between them would be expected to vary for different 
machining operations. Consequently, it seems likely that 
steels which are good for certain types of cutting may be un- 
satisfactory for other machining operations. Caution should be 
exercised in using machinability ratings based upon one type of 
cutting for predicting the behavior in other types of machining. 
For the same reason, discretion should be used in accepting 
machinability ratings based upon physical or mechanical proper- 
ties rather than upon performance in simulative tests. 


1 Supervising Metallurgist, Battelle Memorial Institute, Columbus, 
Ohio. 

2 Research Engineer, Battelle Memorial Institute. 

3 Formerly Research Associate, Carnegie-Illinois Steel Corpora- 
tion, Pittsburgh, Pa. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Production Engineering Division and pre- 
sented at the Annual Meeting, New York, N. Y., November 28- 
December 3, 1948, of Tam American Socinty or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-86. 
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There are many types of laboratory machinability tests, be- 
cause inductive reasoning leads people to make different assump- 
tions and assign different degrees of importance to various factors. 
Laboratory machinability tests usually involve machining opera- 
tions, because investigators generally realize that our knowledge 
of the nature of machining does not yet permit substituting 
another test in place of machining. Ordinarily, the machining 
operation, cutting fluids (if any), tool shapes, and tool materials 
are selected arbitrarily and held constant. The materials under 
study are then evaluated by measuring some other important 
variable believed to bear a close relationship to cutting quality. 
The quantity of metal removed per unit of time for a constant 
feed load (6) or tool life (5), or the pressures (7), wear, or life (8) 
of the tools under known conditions, are often used as criteria 
for machinability. Measurements of tool and work tempera- 
tures, or the amount of heat generated during cutting operations 
(9), have also been used for machinability comparisons. Mer- 
chant’s methods provide a more fundamental approach to the 
study of metal cutting. His analysis of chip geometry and force 
systems for specific machining operations permits determinations 
of the shear strength and the effect of compressive stress normal 
to the shear plane on the shear strength of the metal, and the 
coefficient of friction between chip and tool during cutting. 


CoNSTANT-PRESSURE MacHINABILITY TEST 


This investigation on the machinability of free-cutting steels 
deals with materials which are usually machined in automatic 
screw machines. It seemed desirable therefore to base machin- 
ability ratings on lathe tests. Since one objective of the investi- 
gation was to determine the cause of variations in cutting quality 
between steels of the same grade, the testing method had to be 
sensitive to small differences in machinability. Furthermore, a 
satisfactory method must give reliable and reproducible ratings, 
and it is desirable that the testing procedure require only a 
minimum of time, material, and labor. It is also desirable 
that specimens of different sizes or of widely different composi- 
tion be compared on the same scale. 

The laboratory lathe test, which is described, is based on the 
finding that steels of different machining quality cut at different 
rates, for constant surface speed, when a fixed lateral pressure is 
applied to the tool. The machinability ratings are based on the 
assumption that a steel with superior machinability will cut with 
a heavier feed than one of poorer machinability when a fixed 
pressure is used to produce tool travel. The validity of the 
assumption that variations in feeds obtained on different steels 
under fixed pressures and controlled conditions in laboratory 
tests are closely related to variations in machinability under 
commercial conditions has been established by a large number of 
comparisons. 

The equipment used for the constant-pressure machinability 
test is comparatively simple. It consists basically of a lathe 
with a tool carriage disconnected from the fixed-feed mechanism 
and mounted on ball bearings; a means of applying a predeter- 
mined lateral tool pressure; and a device for recording the number 
of spindle revolutions occurring during a certain distance of tool 
travel. Fig. 1 shows the lathe and auxiliary parts. 

Test Lathe. The lathe used in the machinability investigation 
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Fig. 1 Macurnasitiry Testing EQuirpMENT 


has a 51/2-hp motor and 16 spindle speeds, ranging from 24 to 
1000 rpm. It has a 16!/2-in. swing and 30 in. between centers. 
The spindle is bored out to take bars up to 1.5 in. diam. Most 
of the fittings and gears of a standard lathe are missing from the 
equipment, as shown in Fig. 1, by the blank bosses on the apron 
of the tool carriage. The tool carriage is equipped with metal 
shields to prevent chips from falling on the ways and getting under 
the bearings. 

The feed load is connected to the handwheel of the lathe by a 
cable and pulley, and transmitted to the carriage by a gear and a 
pinion moving along the rack of the lathe. Since the gear is 
accurate and mounted in ball bearings, and the pinion mates with 
the rack very well, this drive mechanism performs satisfactorily. 
A counterweight was attached to the handwheel opposite the 
handle. 

The peripheral edge of the 7-in-diam drum, mounted behind 
the handwheel, is knurled, and a light pawl is attached to the 
carriage. The drum concerned is the one carrying the cable 
attached to the test weight. The thin aluminum pawl rides the 
knurled edge of the drum freely when the carriage is moving 
toward the chuck but prevents rotation of the drum in the 
opposite direction. Backward movement of the - carriage is 
prevented because the drum is attached to the wheel driving 
the carriage. This device acts as a ratchet and pawl to prevent 
carriage chatter which is encountered occasionally in testing 
certain steels at certain ranges of spindle speeds. The cable 
attached to the weight, shown at the left in Fig. 1, moves the 
carriage by producing a torque on the drum mounted behind 
the handwheel. The rate of \carriage travel of course is con- 
trolled by the amount of weight used, the resistance of the steel 
to cutting, and the friction of the chip moving over the tool 
surface. The small pulley at the lower left is mounted on ball 

b bearings and changes the direction of the cable. 
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Measuring Tool Travel. The black wheel behind the pulley 
at the lower left in Fig. 1 is connected to the tool carriage by 
means of a shaft, sprocket, and roller chain. The periphery of 
the wheel moves 1 in. for each 0.2 in. tool travel. The cogs on 
the circumference of the bakelite disk mounted in front of the 
wheel are spaced uniformly and operate the switch mounted be- 
low the device, thereby indicating tool travel. The switch closes| 
an electrical circuit, after each 0.2-in. increment of tool travel, 
causing a signal bell to ring. The mechanical counter, on the} 
column at the left of the lathe, which records the number of! 
spindle revolutions is driven by roller chain and sprockets con-| 
nected to the lathe spindle. The counter is geared to indicate 
every second revolution of the spindle. 

Toolholder. The special toolholder designed for the test, |ff 
illustrated in Fig. 2, consists ef a solid block of steel rigidly fas- | 
tened to the compound of the tool carriage. It holds the tool So | 
the cutting edge forms a right angle with the axis of the test piece | 
and the direction of tool travel. The tool is held by means of |] 
machine bolts pressing the tool against a wedge resting on the ff 
tapered bottom of the groove. The taper and wedge permit the 
tool to be adjusted quickly so that the cutting edge is at the same ]] 
height as the center line of the test bar. A dial-gage fixture is 
used to measure the distance from the top of the tool post to the | 
cutting edge of the tool, and this tool position is constant for all | 
tests. 


Fic. 2 SxketcH SHow- 

ING Design oF TooL- 

HOLDER USED WITH 

MacHINABILITY TEST- 
Ing LATHE 


Tool Preparation. The shape of the single-point tools ordi- 
narily employed in the laboratory lathe tests is illustrated in Fig. 
3. Regular high-speed-steel */,-in-square blanks are ground to | 
the shape indicated. Tools are reground after each test series | 
with a 100-mesh alundum wheel on a grinder operating dry at | 
3450 rpm. A jig is used to hold the tool in order that the side- | 
relief and side-rake angles can be maintained at 12 deg. A | 
limited number of experiments were made with high-speed-steel | 
tools, ground with negative top rake angles and various positive 
top rakes up to 24 deg. They gave about the same ratings as | 
the shape selected as standard, which was chosen because it was 
easy to reproduce and gave a satisfactory useful life, 

Considerable care must be exercised in preparing tools in order 
to get reproducible results, and they are reground before ap- 
preciable wear occurs. After each test series, usually 4 ft of steel, 
the tools are lightly reground, with precautions taken to avoid 
overheating. The tools are honed after grinding because this | 
makes them more uniform, as illustrated in Fig. 4. After grinding | 
and honing, the fresh tool is used for a cut about 6 in. long on a 
B1111 steel before starting the tests, because experience has shown 
first few cuts on a tool sometimes give erratic readings. In other 
words, the tool is “broken in” before being used in a test series. 
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Testing Procedures. The two types of machining operations 
ordinarily employed in the laboratory machinability tests are 
differentiated by the terms “facing” and “turning” tests. In 
facing-cut tests, the depth of cut equals one half the diameter 
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of the specimen; in turning-cut tests, it is fixed at a smaller 
depth such as !/;in. In order to facilitate comparisons between 
samples tested at different times and to reduce the effect of slight 
differences in tool conditions, a bar from a special lot of B1111 
steel is tested several times in each series and used as a reference 
standard. A supply of this material, rolled to 1'/:-in. rounds 
from a particular blow, was available for use as an arbitrary 
standard. This standard material is considered to have a 
machinability rating of 100 in all tests. Steels which cut faster 
(heavier feeds) than the standard steel in the laboratory test 
under otherwise fixed conditions are given higher numerical 
ratings. The ratings are calculated by either of the following 
methods. 
Average feed on unknown steel 


Machinability index = 100 X 


average feed on standard B1111 
steel 


Average number of spindle revolu- 
tions during test on standard 
B1111 steel for 2-in. cut 

Average number of spindle revolu- 
tions during test on unknown 
steel for 2-in. cut 


100 X 


The two methods are equivalent because the feed is defined as 
the distance of tool advance per spindle revolution. The machina- 
bility “indexes are usually calculated by the second method, 


because the number of spindle revolutions is available from the 
primary test records. 

Standard conditions for testing have been used whenever pos- 
sible, because this practice seems safer for making comparisons 
between materials. All tests for comparing different steels have 
been made without using cutting fluids. The large majority 
of tests consisted of 1/,-in. turning tests on7/s-in. rounds, and facing 
tests on the °/;-in. rounds remaining from the first tests. A 
spindle speed of 377 rpm is usually used, and the actual feed 
load applied on the tool has been about 81 Ib for turning tests, 
and 110 lb in facing tests. The lever action of the gears and pul- 
leys multiplies the load applied at the hanger by a factor of about 
13.2. Because some samples were received as larger or smaller 
bars, a number of tests were run under conditions other than 
those mentioned. Faster speeds and heavier loads were con- 
sidered undesirable because they caused larger changes in chip 
and work temperatures during testing. The usual or “standard” 
conditions were selected because they were convenient for testing 
the bulk of the samples received and gave satisfactory sensitivity, 
reproducibility, and tool life. 

Ordinarily, a group of samples is tested with one tool in a 
series which includes three tests on the standard B1111. The 
order of testing each material is varied systematically in each 
series in order to compensate for tool wear. Each material is 
usually included in six series of tests in order to increase the relia- 
bility of the machinability ratings and to minimize the effect 
of different tools. The machinability index of any material is 
based on a comparison with the average feed of the standard 
steel in the same series. The machinability index used in re- 
porting results on a steel, is the average obtained in all tests, usu- 
ally six. 


StatisticaL APPRAISAL OF REPRODUCIBILITY OF DATA AND 
SIGNIFICANCE OF RATINGS 


The -first questions in considering any new testing method 
concern the limits within which data can be reproduced in tests 
on the same material, and the significance to be attached to 
differences in ratings between two materials. Any test value is 
an estimate of the properties of a particular material reflected 
by the test. The error of the estimate, or the amount by which 
it differs from the true value, is expected to be decreased by averag- 
ing the observations made from a number of tests under similar 
conditions. Statistical analysis provides mathematical methods 
for applying this principle to evaluating the significance and re- 
producibility of test data. Such appraisals were made on several 
groups of data during this investigation and some of the results 
will be presented. 

Using conventional statistical methods, the variation in results 
obtained on the standard B1111 steel in constant-pressure lathe 
tests was studied first. 

Under standardized conditions, the average feed obtained in 
turning tests on the standard steel was 0.00274 in., and the stand- 
ard deviation was 4.14 per cent of the test reading, for 285 tests, 
covering a three-month period. The use of control-chart meth- 
ods as the criterion for checking statistical control indicated the 
data were obtained under reproducible conditions and that 
there were no significant differences in results during the period. 
The average readings obtained in different series varied of course 
but were within 5.8 per cent of the average in two thirds of the 
cases. Statistical methods predict that the feed value of the 
standard B1111 steel should fall within 0.00260 and 0.00291 in. 
when calculated from six test series. Checks of the average 
reading on the standard in six successive tests showed this was 
true for the three-month period covered. This is important, be- 
cause it means that samples tested at different times can be com- 
pared as reliably as those tested in the same series. 
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The next point to consider in estimating the reproducibility of 
the test is the variation in indexes to be expected in samples com- 
pared to the standard. This question is one of estimating how 
closely machinability indexes, based on the performances of the 
standard and unknown samples, can be duplicated in different 
tests. The results of separate tests are bound to differ because of 
inhomogeneity of the materials or small unavoidable differences 
in cutting tools and other testing conditions. 

This problem was studied by applying statistical methods to 
two groups of data. It was first assumed that other free-cutting 
steels would show the same reproducibility as the standard B1111 
steel; conclusions based on this comparison were checked by 
comparing the machinability indexes, of a particular steel, ob- 
tained over a long period of time. The information necessary 
for the latter study was available for a certain B1112 steel tested 
180 times during the samethree-month period. Based on allof these 
tests, this B1112 steel had an average machinability index of 124.3 
and the index based on six tests had a standard deviation of 4.09 
per cent of this average. Statistical calculations based on the 
B1111 standard alone and on the machinability indexes of the 
higher-sulphur steel, both suggested that variations in indexes 
of 5 per cent probably indicate real differences in two cases out of 
three; 90 per cent of the time differences of 10 per cent in ratings 
should be significant. 

The general idea of the reproducibility of machinability indexes 
obtained by this test method can be obtained from Table 1. 
This table gives the machinability indexes for individual tests on 
24 samples, the average index for 5 or 6 tests, and statistical 
data. The statistics indicate a probability of nine chances in 
ten that the true indexes of the samples fall in the limits in- 
dicated in the last column. The limits set for each sample on 

the basis of the tests on that material are all within 9 per cent, 
the value predicted previously on the basis of the results on the 
other B1112 steel discussed previously. 

The calculations indicate that the differences between the last 
sample and the others in each group are highly significant, that 
is, it is extremely improbable that such differences in ratings could 
be obtained without a real cause. Actually, the poor per- 
formance of samples 1-10, 2-10, 3-10, 4-10, and 6-5 through 9-5, 
was associated with differences in microstructure and composition. 
When variations can be correlated with: metallurgical factors, 
the reliability of the data is greater than indicated by mathe- 
matical analyses because the results on one sample are supported 
by ratings on similar materials. 


TABLE 1 
——---—— Individual indexes ——---—. 
Sample Ter Test est Test Test Test 
no. 2 3 4 5 6 
1-1 a 181 189 210 201 
1-3 189 173 179 208 196 
1-5 184 190 181 190 LW 187 
1-10 145 126 141 149 141 
2-1 bags | 156 172 195 187 
2-3 192 161 187 192 192 
2-5 199 164 187 200 196 
2-8 192 169 182 201 190 
2-10 136 122 133 147 143 131 
3-1 208 172 178 201 190 172 
3-3 202 WiGry “70203 197 173 
3-4 181 185 170 §=184 192 188 
3-8 195 170 187 204 201 176 
3-10 164 138 155 181 165 141 
4-1 192 Tor 175 196 191 168 
4-3 194 174 =185 187 185 170 
4-8 189 171 192 185 150 
4-10 127 118 114 121 121 126 
5-5 186 151 193 193 160 153 
6-5 169 150 180 147 171 147 
7-5 132 149 180 131 144 136 
8-5 141 144 163 138 133 139 
9-5 135 134 130 123 132 136 
10-5 182 207 174 182 184 184 
Norn 
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The statistical appraisal and observations on several hundred 
samples of free-cutting steel suggested that machinability ee i 
should be based on the average performance in six tests. Thi i 
requires samples approximately 18 in. long and gives sufficien 
sensitivity to detect variations in cutting quality between samples; 
of the same grade and even between specimens from the same 
heat or blow. Materials can be rated with only slightly less; 
precision, however, on the basis of four tests with some saving} 
in time and effort. 

Hardness and Machinability. It is almost axiomatic that the} 
hardness or strength of a steel should affect the ease with whieh} 
it can be machined. Although a steel that is considerably harde 
than another is usually more difficult to machine, this is not) 
necessarily true when the hardness differences are small. Ordi-. 
narily the hardness variations encountered in a particular grade} 
of steel are less important than differences in microstructure or| 
chemical composition. 

On first thought, the constant-pressure lathe test for machina-) 
bility might be suspected of being unduly sensitive to variations } 
in hardness of different samples. Therefore the data in Fig. | 
5 are presented. These observations, on samples from mill] 
production, show that the machinability indexes were found to 
bear no relation to the corresponding Brinell-hardness values. 
These 36 samples met specifications for one grade of free-cutting 
steel, but the spread in composition was sufficient to outweigh 
any effects of hardness variations on machinability test results. 

Effect of Pressure on Feed and Test Rating. The effect of tool! 
pressure on the feed obtained in this machinability test was in- 
vestigated by a large number of tests on eleven different steels. ' 
Two of the materials were open-hearth steels, representing |} 
C1050 and C1144 grades. The tests on Bessemer steels included 
Bli1l1, B1112, B1113, low-sulphur, and cold-drawn samples. 
In these tests, the load applied to the tool during testing was} 
determined by means of an electrical strain gage measuring the 
deflection of the tool. Since all studies were made while taking} 
a '/s-in. turning cut on 7/s-in-diam bars, the actual tool loads 
are directly proportional to the tool pressures. The loads applied 
at the hanger varied from 3 to 9 lb. and the loads at the tools. 
ranged from 40 to 119 lb. 

Fig. 6 is a typical chart presenting the data obtained on five 
steels tested to determine the relationship between feed and tool 
load in the machinability tests. Each point plotted on the chart 
is the average feed based on at least six observations. The 
results show that plotting tool load against the resultant feed, 
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on logarithmic co-ordinates, gives a straight line for each steel. 
Furthermore, the lines expressing this relationship for the eleven 
steels tested to date have had the same slope. The trend lines 
for eleven different steels made an angle of 54 to 55 deg with the 
horizontal axis when the data for feed and tool load were plotted 
on logarithmic co-ordinates with equal scales as indicated. 
Therefore the plots for the different steels varied only in the 
magnitude of the feed resulting from the feed loads. 

Since the data give parallel lines for these eleven steels, it 
follows that the machinability indexes are constant for any feed 
load ranging from 25 to 100 lb in turning tests on 7/s-in. rounds at 
377 rpm. If this be true for all materials, it is permissible to test 
steels with poor machinability at higher than normal tool pres- 


sures, and fast-cutting steels with lower tool loads, and extrapolate 
the data to make comparisons at standard conditions. 

The tool loads or pressures measured during tests with the 
same weight on the hanger showed. slight variations. These 
variations are attributed partly to errors in measuring the actual 
load by means of tool deflections. The range in loads varied 
about +3 lb, for tests with 40 and 100-lb loads, for ten readings 
during a 2-in. cut. The variation is a little greater for different 
tests. Although the fluctuation in tool pressure is minor, it 
undoubtedly impairs the reproducibility of the feed values. A 
slight variation in tool pressure would be expected to result from 
any differences in friction along the ways, the reaction on the tool 
when a chip breaks off, or tool chatter. 

Effects of Speed on Feeds Resulting From a Constant Tool 
Pressure. Tests were made on fourteen different steels to deter- 
mine the effect of speed on the feed resulting from a constant 
horizontal tool-pressure component. Results indicated that 
changes in speed had a greater influence on the rate at which high- 
sulphur steels cut than they did on the performance of low-sulphur 
steels. The data also indicated that spindle speeds had no effect 
on the feeds obtained on a particular steel other than that of 
changing the surface speed, that is, comparable results were 
obtained at any two combinations of spindle speed and specimen 
diameter which gave the same surface speed. This means that 
specimens of different sizes can be compared directly if the 
spindle settings are selected to give equivalent surface speeds. 

The effect of variations in surface speeds on the feeds obtained 
on five different grades of steel is illustrated in Fig. 7. The 
tests covered speeds ranging from 5 to 300 mean surface feet per 
minute. The speeds are those calculated for the average diame- 
ter of the bars before and after the turning cut rather than the 
peripheral speed. 

The curves in Fig. 7 show that the steels were rated in the 
same order by tests made over a wide range of speed. The 
‘Gndex” or relative rating compared to the B1111 standard steel, 
however, remained approximately constant only over the range 
from about 120 to 300 surface feet per minute. Below approxi- 
mately 70 surface feet per minute, there was a pronounced 
difference in the response of different steels to changes in speed. 
The Bessemer samples showed a maximum feed at approximately 
40 surface feet per minute; the open-hearth steels, on the con- 
trary, showed a lowered feed at this speed. This difference 
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between the two types of steel in dry cutting was observed in 
other samples, but the fundamental explanation for it is un- 
known. 

The data for these tests indicate that the standard speed of 
testing, 75 mean surface feet per minute, gives a big spread in 
feeds between the different grades, although it was not quite so 
sensitive as some slower speeds. This speed gave reproducible 
ratings which reflected performance at higher speeds,with cutting 
fluids. The speed of 75 surface feet per minute is also a con- 
venient one considering rapidity of testing, long useful tool life, 
and the avoidance of excessive temperature changes in tool and 
workpiece. 


CoMPARISON OF CONSTANT-PRESSURE Trst Ratines WITH 
Toot-Lire TEST AND COMMERCIAL MacuINABILITy RatiInes 


In evaluating the dependability of a new testing method, it is 
helpful to compare its ratings with those made on similar samples 
by other methods. Therefore constant-pressure lathe test 
ratings on various materials were compared with those obtained 
in tool-life tests and with the results of commercial machining 
tests. In the laboratory tool-life tests, the machinability rating 
was the cutting speed in feet per minute resulting in 60-min 
tool life for dry cutting. The feed, depth of cut, tool material, 
and tool shape were chosen arbitrarily, and better steels were 
assumed to be indicated by higher limiting cutting speeds for 
1-hr tool life. Comparisons were also made between commercial 
tool-life tests in normal machining operations and results in the 
laboratory tests. , 

Agreement of machinability results obtained commercially and 
at different laboratories depends on the sampling as well as on 
the test methods. Obviously, quantitatively correct ratings 
obtained on samples which are dissimilar or unrepresentative of 
the ingot or heat will not give concordant results. This section 
presents the ratings obtained on three series of samples. When 
the sampling is known to have been satisfactory, because of check 
analyses and methods employed, good correlation existed be- 
tween machinability ratings. In the series where analyses 
showed differences in compositions between specimens and ingot 
checks, and less was known about the sampling procedure, the 
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agreement between the three testing methods was not so good. 
The problem of representative sampling is a serious one and 
must be considered in evaluating the evidence for agreement 
between the three methods of testing machinability. 

Samples from series “A”? made up one of the best groups for 
comparing machinability ratings obtained by methods used at 
two laboratories, because check analyses indicated that the | | 
samples received by both laboratories were closely similar in | 
composition. Considerable care was taken to insure that | 
duplicate samples were obtained from practically the same ingot H | 
locations. 

Fig. 8 is a cross-plot of the ratings given by the two laboratories 
to duplicate samples obtained from the same billet. The con- J 
stant-pressure test ratings were obtained in turning tests on ’ /s- 
in. rounds; the tool-life data were obtained on 3-in. rounds. The | 
fact that the points plot close to the trend line indicates a close _ 
agreement between the two types of machinability ratings. |] 
There is remarkably little scatter shown by the data, and the |f 
order of rating the samples from the ten ingots is practically ] 
identical for both methods. j 

Another series “‘B” was sampled for tests by the two laboratory 
methods, and records were taken during commercial machining 
operations on various lots. The data for the ten different lots 
can be used for a cross-comparison of ratings by the three testing 
methods. 
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Table 2 lists the laboratory ratings and the number of parts 
produced per tool in commercial operations on the different 
lots. The results of the commercial tests are given as the number 
of parts per tool because the relationship between tool life and 
total parts varied considerably in different tests. 

The data in Table 2 show poor correlation between any two of 
the three methods of rating machinability. This is believed to 
indicate that the specimens received by the two laboratories 
differed significantly and that neither set represented the lots 
very closely. Apparently the lots were not sufficiently uniform 
in composition to permit reliable sampling. In spite of the 
differences believed to result from sampling difficulties, it is still 
possible to make general comparisons. All three methods of 
testing indicate that lots Nos. 8, 6, and 4 were in the better half of 
the series in respect to machinability; similarly, all tests placed 
lots Nos. 1 and 2 in the poorer half of the group. 

Samples were also supplied to the laboratory from another series 
of steels used for comparative commercial machining tests. 
The series consisted of seven B1112 and two B1111 steels. 
Table 3 lists the commercial results and ratings of these materials 
based upon feeds obtained at a constant horizontal tool pressure. 
The average number of parts produced per tool was also chosen as 
the best parameter for commercial ratings. 
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TABLE 2 MACHINABILITY RATINGS FOR SAMPLES F 
EACH OF TEN LOTS OF SERIES “B” IN LABORATORY TESTS 
AND COMMERCIAL OPERATIONS 


Rating in Rate based on ——Commercial tests°—. 
Lot tool-life feed at constant No. of Average parts 
no, test? tool pressured tests per tool 
8 510 200 2 7360 
6 482 186 3 9123 
4 473 187 2 12194 
3 486 179 4 7189 
5 461 150 4 6289 
a 510 180 3 4167 
9 470 206 5 2244 
10 470 199 5 2241 
2 461 189 5 2435 
1 450 188 5 1863 


® Cutting speed in feet per minute for 60-min tool life, hot-rolled steel, size 
unknown. _ : 

6 Machinability rating compared to a ‘‘standard” B1111 steel based on 
1/s in. turning cuts on 7/s in. bars in hot-rolled condition. 

¢ Drum nuts were made at 315 surface feet per minute from 1/16 in. cold- 
drawn stock in 4-spindle automatics. 


TABLE 3 COMMERCIAL AND LABORATORY MACHINABILITY 
RATINGS FOR NINE LOTS OF BESSEMER STEEL 


Item Constant-pressure Average parts 

no. test index® per toolb 

1 At, 10,120 
2,3 112 10,020 

4 125 10,402 

5 113 8,530 

6 119 10,337 

7 134 14,075 

8 95 7,362 

9 119 11,923 


@ Average for turning and facing tests. 
b foods were 0.0078 in.; tests at 1719 and 1547 rpm were given equal 
weight. 


The commercial and laboratory tests agree in rating items 7, 
9, 6, and 4 as the four best, and items 8, 5, 1, 2, and 3 as the worst 
steels in the group. Fig. 9 shows a cross-plot of the commercial 
and laboratory ratings on this series. The worst scatter from the 
trend line occurred for the values for items 4, 5,and9. Reference 
to Table 4 shows that the average tool life of these steels in com- 
mercial operations was affected in an unusual manner by the 
change in spindle speed from 1547 to 1719 rpm. Item 9, which 
plots on the high side of the line in the chart, had a longer tool 
life at the higher speed which is out of line. Items 4 and 5 
showed the largest drop in tool life with increasing spindle speed 
and gave points farthest from the line on the low side. There- 
fore the data show that the biggest discrepancies between labora- 
tory and plant ratings occurred for the three materials which 
gave questionable results in commercial tests. In general, this 
series shows a good agreement between the laboratory and plant- 
test ratings. 
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Occasionally, groups of specimens were received upon which 
commercial machining ratings had been obtained. Each group 
usually consisted of two or three bars from lots considered to be 
giving good, normal, or poor performance in specific operations. 
The specimens in the different groups were tested to determine 


TABLE 4 AVERAGE TOOL-LIFE VALUES IN COMMERCIAL TESTS 
ON ITEMS LISTED IN TABLE 3 


-—— Average tool life in hours*——\ 


Item no, 1547 rpm 1719 rpm 

1 13.3 6.1 
2 11.0 6.0 
3 11.2 oe 

4 12.0 2. 
5 15.4 1.1 
6 Loe 4.8 
7 17.9 8.3 
8 6.9 6.7 
9 9.1 11.6 


¢ Making the same part with the same feed, 0.0078 in. 


whether or not the laboratory test rated the materials in the 
same order as the customer’s report. 

Table 5 lists the machine-shop ratings, hardness values, and 
laboratory ratings for eight groups of such samples. These eight 
groups comprise all the specimens obtained in this manner. 
Comparisons should be restricted to specimens in the group 
because the groups differ in grade, plant origin, bar size, and type 
of machining operation involved. 

The heats represented by the bars in Group 1 of Table 5 
were all considered unsatisfactory by the machine operator; 
consequently, the variation in laboratory ratings cannot be inter- 
preted. Obviously, if this job required a faster-cutting grade, 
the best of these B1111 steels would be unsatisfactory, even 
though it had normal machinability for its grade. 


TABLE _5 LABORATORY MACHINABILITY . RATINGS FOR 
MISCELLANEOUS SAMPLES REPUTED TO VARY IN SPECIFIC 
COMMERCIAL MACHINING OPERATIONS 


Constant- 
Group Code Commercial pressure 

no. no. Bar size observations Bhn test index 
1 (ec) C40 5/g in. rd Unsatisfactory 190 104 
C47 9/i¢ in. rd Unsatisfactory 188 91 
C44 1/2 in. rd Unsatisfactory 195 84 
2 (a) 1 7/16 in. hex 23 hr tool life 2 116 
2 7/16 in. hex 12 hr 3-sec cycle A 105 
3 7/i¢ in. hex 12 hr 3.5-sec cycle Js 100 
3 (b) C41 15/\¢-in. rd Satisfactory 164 94 
C42 lin. rd Satisfactory 142 102 
C43 lin. rd Unsatisfactory 117 84 
4 (c) C45 3/4 in, rd Medium 179 95 
C48 19/39 in. rd Medium good 180 96 
C46 11/i¢ in. rd Unsatisfactory 179 84 
5 (6) C70 113/16 in. rd Satisfactory 134 58 
C71 113/,¢ in. rd Unsatisfactory 126 52 
6 (d) C72 7/yein. hex C.D. 17 hr tool life 217 93 
C73 7/\e6in. hex 8 hr tool life 189 134 
C74 7/\¢6in. hex 5.5 hr tool life 167 150 
7 (d) C57 7/1¢in. hex 13 hr tool life 207 125 
C24 7/,¢6in. hex poor tool life 212 117 
C93 7/,6in. hex poor tool life ve 78 
8 (a) C26 125/52 in Better 130 125 
C27 113/59 in. Poorer 134 100 

Nores: (a) These samples were tested quite early in program and com- 


pared only among themselves. All other ratings are based upon performance 


of a standard steel. 
(b) Laboratory ratings based upon turning tests on 7/s-in. bars. 
(c) Laboratory ratings based on facing tests on 0.445-in. rounds. 
(d) Laboratory ratings based on facing tests on 7/is-in. hexagons. 


In view of the difficulties of selecting one short specimen to 
represent lots ranging up to several tons, remarkably good agree- 
ment was obtained between laboratory ratings and commercial 
results. The relative order of the specimens in laboratory 
machinability tests is identical with commercial ratings for six 
of the seven groups for which comparisons can be made. The 
specimens listed as Group 6 were the only exceptions to a perfect 
correlation between machinability ratings in the plant and 
laboratory. 


CONCLUSIONS 


1 In lathe cutting, under conditions giving tool pressures 
with a constant component in the horizontal direction, the feed 
varies depending upon the properties of the material. 

2 This permits simple and rapid evaluations on small samples 
of materials to indicate their probable performance in commercial 
machining operations. 
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3 Machinability indexes obtained by the test method des- 
cribed agree adequately with ratings in conventional laboratory 
tool-life tests and commercial machining tests. 

4 With this method of testing, differences of 5 per cent in 
feed or “machinability index” are probably significant. The 
sensitivity and reproducibility of the method are sufficient to 
disclose differences in cutting quality between samples of the 
same grade of free-cutting steel. 

5 The machinability indexes do not appear to be altered by 
changes in magnitude of the horizontal component of tool 
pressures used for testing. 

6 The feed resulting from a tool pressure with a constant 
horizontal component varies with the speed of testing. For the 
steels studied, the feed decreased with increasing mean surface 
speeds in the range from 70 to 300 fpm. In tests at speeds 
ranging from 5 to 70 fpm, different steels exhibited different speed- 
feed relationships. Consequently, the speed of testing can have 
an important effect on the machinability rating assigned to a 
steel by this test method, and needs to be standardized. 

7 The machinability indexes obtained by this test method do 
not depend upon the hardness of the free-cutting steel when it 
varies within the normal range for the grade. 
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Discussion 


W. W. Austin.’ Although numerous laboratory methods 
have been developed for evaluating the elusive property of 
metals known as machinability, many of these tests are so com- 
plex as almost to preclude their use in any except the best- 


5 Metallurgist, Southern Research Institute, Birmingham, Ala. 
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equipped laboratories and machine shops. Hence the need for 
simple short-term machinability tests such as the one described 


in this paper is very definite. 


The comparison of the authors’ constant-pressure-test ratings | 


with tool-life tests is particularly valuable, since it should dispel any 
doubt that may arise as to the validity of such a short-term test 
as compared with the longer tool-life tests. In the writer’s 


recent experience with the machinability testing of gray cast iron, | y 
similar correlation between a simple drill-penetration test and | 


recognized tool-life measurements has been observed. This | 
would indicate that satisfactory evaluations of machinability 
can be made on comparatively small representative specimens | 
through utilization of a reliable short-term test. 


Although correlation of the laboratory results with commercial | 
tests (Table 2 of the paper) showed rather poor agreement, it is | 
hoped that additional work with more nearly representative | 
specimens and carefully controlled commercial operating condi- |ff 


tions will show closer agreement. 
The writer would like to inquire of the authors as to their 


opinion regarding the applicability of their constant-pressure | 


lathe test to the machinability testing of gray cast iron. Would 
any significant changes in testing conditions be indicated; 
and if so, what conditions are recommended? 


O. W. Bosron.® 
the longitudinal force in cutting with other machinability data. 
The method has been used many times before, even by the writer, 


but he has never felt that it is as reliable as the results of the | 


present paper show. This may be due to the fact that the 
materials tested were of the same general types, that is, confined 
to the free-cutting steels rather than including a wide variety of 
carbon and alloy steels. 

The authors have advanced a basis for using the longitudinal 
force test for measuring the machinability of free-cutting steels 
and then have proceeded to present the data on this subject and 
correlate them with other factors, such as the tool life represented 
by Ve. Their results showing the relation of hardness to their 
machinability index are not as good as might be expected, but 
certainly their data showing the relationship between the feed 
under constant pressure and the tool load, Fig. 6, show very favora- 
ble correlation, as does the relationship between constant- 
pressure index and Vo, as shown in Fig. 8 just referred to. 

The writer is surprised to see the variation in the machinability 
index for the various tests up to 40, as shown in Fig. 4, for a 
ground tool and a tool ground and honed. He is surprised that 
the ground tool would give the variation in tool life, Veo, as is 
indicated in this chart. 

The curves shown in Fig. 7 of the paper giving a relation be- 
tween the cutting speed and the machinability index for two 
Bessemer and three-plain-carbon steels, is interesting. This 
would indicate the 80-fpm cutting speed is more or less critical, 
as below that value the results change in general character from 
those of high speed. These data conform with many other similar 
results, in that, the cutting force becomes erratic at relatively low 
cutting speeds. For this reason it seems desirable to keep 
the cutting speed in any constant longitudinal force test above the 
80-fpm mark. 

The writer has used similar constant-force test procedures in 
sawing and has found that the results obtained, so far as hack- 
saw-blade wear with different outing, fluids, corresponds with 
commercial practice.’ 


§ Chairman, Department of Metal Processing, College of Engi- 
neering, University of Michigan, Ann Arbor, Mich. Fellow ASME. 
7 “Performance of Cutting Fluids When Sawing Various Metals,”’ 
ae W. Boston and C. E. Kraus, Trans. ASME, vol. 56, 1934, pp. 
27-531. 


This paper gives a very good correlation of 
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In applying the same principle however, to twist drills, that is, 
determining the penetration for a given time for a given drill 
| under a constant load or thrust, the machinability rating has 
been found for a wide variety of materials not to agree satisfac- 
torily with corresponding unit-horsepower ratings obtained by 
drilling, milling, and planing.® 

It is hoped that the writers will continue this method of test 
and will apply it to material of quite different character, so as 
to broaden the scope on which the satisfaction of this method of 
test is based. From the data presented, as well as from the 
writer’s past experience, it seems that the rate of feed for a given 
longitudinal force, or the longitudinal force developed for a 
constant feed, is equally satisfactory. 


CuaR.zs A. Davis.’ The long period of time and arduous effort 
through the years that have accompanied previous attempts 
to define and evaluate the still rather vague term, ‘“ma- 
chinability,” were evidenced in this paper by a number of 

references. It has been stated elsewhere there have been over 
4000 pertinent articles published during the complicated growth 
and history of many decades of related research. This is proof 
of the widespread interest in the general subject. 

Evidence was presented to show the sensitivity and reproduci- 
bility of the test, as well as its comparability to Vo tool-life- 
test results. These features are certainly most essential, but 
perhaps there is also room for further development in the direc- 
tion of simplicity, and in an effort to correlate results, in a general 
way at least, with the higher speeds generally encountered in 
the best modern practices. 

The test seems certainly to be worthy of the close attention of 
the metal-cutting research fraternity. The authors’ approach 
to the problem may well be such that more laboratories should 
gather data by the same method for comparative purposes. 
Certainly the need for a standard test and definition of machina- 
bility, correlated as these two must be, is a great need. 

Strict reproducibility of shop-production results need not be a 
criterion, for most will agree these are difficult to reproduce in 
themselves. It does seem essential, however, that any test for 
evaluating machinability should be such that results could be 
translated through a sufficient range of speeds, into predictions 
for some (if not all) other machine operations under controlled 
laboratory conditions. 

It would be a further amazing, but nevertheless useful, quality 
if such results could possibly be brought into simple relationships 
to such properties as tensile strength, yield-strength ratio, 
hardness, and impact, an expedient our authors wisely advise 
we shun for the moment. 


G. H: Enzian! anp E. J. Pattwopa.” The test described 
by the authors is an interesting approach to the extremely difficult 
problem of evaluating the turning quality of free-cutting steels in 
reliable, quantitative terms on a laboratory basis. The small 
amount of material employed and the rapidity with which 
the test can be run are distinct advantages from an investigational 
standpoint. However, because of the complexity of the problem 
of machinability, any laboratory test on small specimens also 
has certain disadvantages, and the test results must be inter- 
preted with caution. 

The machinability of steel, under given cutting conditions, seems 
to be influenced to a considerable extent both by the physical 
characteristics of the steel and by the presence of abrasive silicate 


: 8 “‘Metal Processing,” by O. W. Boston, John Wiley & Sons, Inc., 
New York, N. Y., 1941, fig. 16, p. 12. : 
' 9 La Salle Steel Company, Chicago, Ill. Mem. ASME, 
10 Metallurgical Research Division, Jones & Laughlin Steel Cor- 
poration, Pittsburgh, Pa. 


or aluminate inclusions. The term “physical characteristics” of 
the steel includes such factors as hardness, microstructure, 
chemical composition, sensitivity to cold work, shear strength, 
etc; these are factors which determine how the steel reacts to the 
cutting action, and the ease with which it may be machined. On 
the other hand, it seems likely that the more important effect of 
abrasive inclusions is on the cutting tool, and thus the presence of 
such inclusions affects the machinability of the steel in a some- 
what more indirect manner. 

The quantitative influence of abrasive inclusions on the 
machinability of steels has not, as yet, been satisfactorily deter- 
mined. Ramsey and Graper!! have ascribed considerable im- 
portance to the influence of steel ‘‘cleanliness” on machinability. 
Merchant and Zlatin!? have taken a similar view but showed that 
the presence of abrasive inclusions did not materially alter the 
geometry of tool forces during orthogonal cutting. 

The test described in this paper should prove valuable in the 
analysis of the effect of the physical characteristics of the steel on 
turning performance. However, it would be of interest to know 
if the authors have observed whether the presence of varying 
amounts of abrasive inclusions affects their test results materially. 

We have been interested in the machinability problem for some 
time, and in the past several years have made extensive use of the 
test developed by Cruickshank.!3 This test differs somewhat 
from that described in the present paper in that the machinability 
rating is based upon tool life using a special tool made from a hot- 
die steel of moderate alloy content and hardness. Briefly, the 
test consists of determining the highest speed, in surface feet per 
minute, that a standard test length of 870 surface feet can be cut 
without appreciable tool wear. Our experience has shown that, 
with this relatively ‘‘soft’’ test tool, the presence of even small 
amounts of abrasive inclusions in the steel usually results in low 
test values. We believe that this action of the inclusions on the 
test tool is an accelerated indication of their more gradual effect on 
a high-speed tool in commercial machining operations. 

The authors indicate (Table 2), that they obtained poor corre- 
lation between the feed test index, the rating in a 60-min tool-life 
test, and commercial performance for a series of steels. We would 
agree that the principal reason for this lack of correlation proba- 
bly lies in the difficulty in obtaining representative test samples, 
because we have encountered similar difficulties in our work. 
Quality spreads of considerable magnitude have occasionally been 
found within ingots; furthermore, it appears that the quality of 
the steel is not necessarily associated with the position of the test 
within the ingot. 

It would seem, therefore, that the difficulty in obtaining test 
specimens which are representative of relatively large amounts of 
steel, and satisfactory interpretation of test results, are para- 
mount considerations in the successful application of laboratory 
machinability tests. 


J.H. Frye.!* The rapid duplication of interchangeable parts is 
the very foundation of our industrial success and living standards. 
One of the primary methods of mass duplication is that of 
machining, and especially as it pertains to automatic-screw- 
machine operations. 

This investigation is an important step toward arriving at a 


11 “Observations in the Making and Use of Sulphite-Treated Steels,” 
by E. L. Ramsey and L. G. Graper, Trans. AIME, vol. 150, 1942, pp. 
127-130. 

12‘Basic Reasons for Good Machinability of Free-Machining 
Steels,” by M. E. Merchant and N. Zlatin, ASM Preprint no. 21, 
1948. 

13 ‘Method for Testing the Machinability of Free-Cutting Steels,” 
by A. Cruickshank, U.S. Patent no. 2,269,360, Jan. 6, 1942. 

14 General Manager of Sales, Columbia Steel & Shafting Company, 
Pittsburgh, Pa. 
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means of measuring and evaluating the complex factors which in- 
fluence the production of machined parts. It has been said that 
there are 100,000 variables entering into machining characteristics 
of steels, and although this sounds fantastic, it will be agreed that 
there are a great many of them. Obviously, any attempt to 
measure or compare machinability must eliminate as many 
variables a8 possible, and the ingenious procedures adopted in 
this investigation have accomplished this in splendid fashion. 
The Carnegie-Illinois Steel Corporation is to be congratulated on 
its foresight and keen interest in this important subject, as well as 
the researchers for their method of attack and thoroughness of 
their exploration. 

A laboratory method of evaluating the machining character- 
istics of steels is vital to every basic producer of free-machining 
steels, if improvement in machining qualities is to continue. 
However, the writer thinks it is important to differentiate between 
research and practical test procedures. From a practical point of 
view, machinability is best measured by the number of pieces per 
day made ona machine. This of course involves a complexity of 
factors other than the steel, including those real, intangible, and 
psychological. Also, an evaluation of machining by a turning 
test does not necessarily—and probably will not—apply to end 
working operations (drilling, reaming, etc.), or to thread cutting 
or rolling, knurling, and others. It should be repeated that the 
several laboratory methods of testing for machinability, including 
this fine addition to our knowledge, are of inestimable help in the 
development of free-machining steels, but as yet have not satisfied 
the need for a practical test for commercial purposes. The wide 
discrepancies in the laboratory and shop values shown in Tables 3 
and 4 of this paper are indicative of that statement. 

Fig. 9 of the paper shows graphically “general agreement be- 
tween commercial data and laboratory machinability ratings in a 
series of eight steels.””’ The writer would hesitate to term these re- 
sults as being in general agreement. The difference between 8300 
and 10,000 pieces, or between 10,200 and 11,900 pieces is too great 
a variation between commercial and laboratory results. Those 
differences are more than a difference between profit and loss in a 
jobbing screw-machine shop. : 

The authors do not indicate chemistry, ‘‘as-rolled” grain size, 
sulphide distribution, hardness, method of processing (hot- 
rolled or cold-drawn bars), and some of the other factors normally 
considered to influence machining characteristics. It is assumed 
that these factors were investigated, but there is some question in 
the writer’s mind regarding the influence of one or more of these 
factors and their effect on the variations in some of the test re- 
sults. Among these chemical and mechanical factors considera- 
tion should be given to the yield-tensile ratio, as experience has in- 
indicated, and at least partially confirmed by the work of Ernst 
and Merchant, that with low-carbon steels the machinability im- 
proves as the yield strength more closely approaches the tensile 
strength. Cold-drawn bars machine much better than hot-rolled 
bars of the same composition and, largely, in the writer’s estima- 
tion, because of the increased hardness and the much higher yield 
as compared to the tensile strength. 

The authors’ comments on the effect of hardness on machina- 
bility are contrary to the writer’s experience in industry. Con- 
sidering only low-carbon (0.23 maximum carbon) steels, sulphur- 
ized or not, the greater the hardness the better the piece produc- 
tion. Such steels literally cannot be too hard (except by heat- 
treating methods) for machining purposes. - However, Fig. 5 of 
the paper indicates that only low hardness values, and in a narrow 
hardness range (120-140 Bhn),, were involved.: The level of 
hardness values and the range of hardness are too restricted for 
any outstanding difference. It would have been interesting if the 
authors had included specimens of a steel which had widely dif- 
ferent hardness values. As an example, the writer would be in- 
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terested in their findings on specimens of B-1112 steel with hard- 
ness values of 140, 160, 180, and 200 Bhn. These higher values are 
produced regularly in nominal sizes by cold-drawing and are 
regularly used in production screw-machine shops. 

It would be of interest and possible value to have this work con- 
tinued on an expanded basis, possibly to cover such variations as 
grain-size effect, sulphide distribution, yield-tensile ratio, and 
hardness levels. However, it is the writer’s opinion that this test- | 
ing procedure is a laboratory tool only and not generally suitable | 
for commercial applications. 


T. M. Garvey. The consistent and uniform changes in feed | 
resulting from corresponding changes in tool pressure are an indi- ff 
cation of the suitability of the constant-pressure lathe-type 
machinability test for measuring machinability. As the authors | 
noted, the observed correlation between feed and tool pressure 
among the various steels provides a basis for determining relative 
ratings, regardless of the tool load used in individual experiments. 

When it had been determined that this test provided data which 
were in substantial agreement with performance data obtained in 
commercial machining operations, the writer’s company installed 
similar equipment at its research laboratory. Results to date 
have confirmed that this is a reliable method for evaluating 
machinability. 

As evidence of the correlation existing between performance in . 
automatic screw machines and the Carnegie-Battelle machina- 
bility ratings, the following case is presented as an example: 
Three steels, similar in composition and processing, responded~ 
quite differently in a carefully controlled testing program con- 
ducted on a four-spindle machine. Thatis tosay, these threesteels. 
resulted in different tool performances at a given cutting speed. 
The research laboratory of the writer’s company was requested to: 
evaluate the machinability of these three steels in the fixed pres- 
sure test. The ratings obtained in this test are compared with the 
tool-life values in the commercial test in the following table: 


Machinability 
Identification Tool life, hr indexes” 
Steel A 10.5 185 
Steel B 6.2 171 
Steel C 3.8 158 


* Based on hot-rolled B1111 steel as a standard. 


It is apparent that the laboratory method placed these steels in 
the same relative order as the commercial test. Subsequent 
metallographic examination disclosed that the differences in 
microstructure among the steels were of such nature as to indicate 
qualitatively that they would respond to turning operations in the 
order noted. 

Recently it has been reported to us that a number of free- 
machining steels which appeared from tests conducted _.at Battelle 
to possess superior machining properties had likewise exhibited 
excellent machinability in a variety of applications at several 
shops. On the basis of such verification of test results, it appears 
that this test provides a reliable index of machinability. What is 
also significant, moreover, is that the test consumes so little time 
and so little material, thus permitting us to appraise the machina- 
bility of various steels fairly rapidly. 


EK. K. Henriksen.'* The method described in the paper has 
something in common with the old loaded-drill test, but the new 
method avoids that drawback of having continuously varying 


15 Research Associate, Carnegie-Illinois Steel Corporation, Pitts- 
burgh, Pa. J 

ie Professor in Charge, Department of Materials Processing, 
Sibley School of Mechanical Engineering, College of Engineering, 
Cornell University, Ithaca, N. Y. 
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cutting speed all along the cutting edge which was present in the 
old method, and for that reason this new method is much more re- 
liable. 

The writer agrees fully with the authors that machinability, in 
general, is more closely related to feed pressure than to tool pres- 
sure in the direction of the cut. He strongly emphasizes, however, 
the necessity for considering the effect of cutting speed upon tool 
pressure as one of the various factors that constitute ‘“‘machina- 
bility rating.” Several investigations, back to the days of 
Stanton and Hyde’s research” show a pronounced effect of cut- 
ting speed upon tool pressure and in some cases even the curves 
intersect so that the order of machinability rating of two different 
materials may be reversed. 

Some of the curves in Fig. 7 show a hump in the region of 50 to 
80 fpm, and it is interesting to compare these curves with some 
curves for tool pressure in relation to cutting speed which were ob- 
tained in the writer’s former laboratory at the Technical Uni- 
versity of Denmark, Copenhagen, by his assistant K. V. Olsen 
(Fig. 10 of this discussion). 

Details of the cutting conditions are given in the illustration, 
Fig. 10. Two groups of tools were used, the difference being the 
angle of the cutting edge to a horizontal plane; in the first case the 
cutting edge was horizontal, in the second case the angle was —5 
deg. All the curves show a disruption of the regular course in the 
region of 60 to 150 fpm cutting speed. Personally, the writer is 


17 “Cutting Tools Research,” by T. E. Stanton and J. H. Hyde, 
Engineering, vol. 119, Jan. 30, 1945, pp. 148-150. 


CUTTING FORCE (VERTICAL OR TANGENTIAL FORCE) IN LB, 


800 


CUTTING SPEED IN FPM. 


Fig. 10 Errecr or Currina Sprep Upon Cuttine Force 


ial: 0.23 per cent carbon steel. Tool shape: Side-cutting-edge 
ee 45 anes naee radius 0.020 inch; back rake angle 0 deg; normal 
_take angle y and edge inclination angle \ shown on the graphs.) 


inclined to connect these phenomena with the gradual disappear- 
ance of the built-up edge but agrees with the authors that we do 
not yet have a full fundamental explanation of their origin. 


M. E. Mercuant.'® The authors are to be congratulated on 
developing such a sensitive test for measuring the machinability of 
free-cutting steels. The question might naturally be asked as to 
why the measurement of horizontal tool force at constant feed, 
rather than of rate of feed at constant horizontal tool force as in 
the paper, would not provide just as sensitive a measure of 
machinability. The answer is found in the well-known empirical 
law which relates horizontal tool force to feed when all other 
variables are held constant. This law, stated in approximate 


form, is 
ism EN aie ere eae eae [1] 
where 
F, = horizontal tool force (longitudinal component of tool 


force) 


K = constant of metal being cut (when depth of cut and tool 
form are held constant) 
f = feed per revolution 


Thus if feed is held constant, the horizontal force is proportional 
to the constant K of the metal being cut. However, Equation [1] 
herewith can also be written in the form 


by squaring both sides of Equation [1], and solving for f. It can 
then be seen that if horizontal tool force is held constant, as in the 
test described by the authors, the resulting feed will be propor- 
tional to the reciprocal of the ‘‘square’’ of the constant K of the 
metal being cut. Thus if one metal has a value of K three times 
as great as another, for instance, then in the case of a constant- 
feed test (Equation [1]), the horizontal force wiil also be three 
times as great. However, in the case of a constant-pressure test 
(Equation [2]), on the same metals, the metal having a value of 
K three times that of the original metal will cut with a feed rate 
only 1/, as great. In other words, feed rate is much more sensitive 
to the metal properties than is longitudinal force. The test de- 
veloped by the authors therefore is one very sensitive to the 
properties of the workpiece. 

Other questions then naturally arise. Just what, basically, 
does the constant-pressure test measure? What is the work 
material property that is being measured by this test? The 
experimental quantity which the authors observe in testing by 
this method is the value of feed required to give a constant hori- 
zontal tool force. In doing this they use a cutting tool having no 
side-cutting-edge angle and a‘relatively small value of rake angle. 
Under these conditions, the constant horizontal tool force is prac- 
tically equivalent to a constant force of friction between the cut-- 
ting tool and the chip. This can be seen from an equation coming 
out of an analysis of the mechanics of metal cutting, ® namely 


Hge=—= Fle COS erga} otel ar SIM Corer trie aa iaegac a [3] 
where 7 
F = force of friction between tool and chip 
F, = horizontal (longitudinal) tool force 
F, = tangential tool force 
a = true rake angle of cutting tool 


18 Senior Research Physicist, Cincinnati Milling Machine Company, 
Cincinnati, Ohio. Mem. ASME. 

19 ‘Basic Mechanics of the Metal-Cutting Process,” by M. E. Mer- 
chant, Journal of Applied Mechanics, Trans. ASME, vol. 66, 1944, 
p. A-168. 
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Equation [3] is a general relation which holds'true for all types of 
chips found in metal cutting; it is not dependent upon chip type. 

The equation can be applied directly to a turning operation 
when using a tool with no side-cutting-edge angle, as in the 
authors’ test. The true rake angle in this case is then merely 
thesiderake. Since, in the present test this rake angle is small, the 
second term of Equation [3] is quite small compared to the first 
term and therefore can be neglected for purposes of a first 
approximation. It is then evident that the horizontal tool force 
F; is directly proportional to, and virtually equal to, the friction 
force F. In other words, this test measures essentially the feed 
required to produce a certain friction between chip and tool. 
Thus the test is essentially a very sensitive measure of chip fric- 
tion. 

As a sensitive measure of chip friction, the constant-pressure 
lathe test should be quite suitable for indicating the machina- 
bility of ‘“free-cutting” steels. We are glad to see that the 
authors limited their paper to free-cutting steels in the title. 
Apparently, all of the steel samples reported on were of the free- 
cutting variety. However, there is no indication in the body of 
the paper to suggest that the test might not be suited to general 
machinability measurements on all types of steels. That the test 
is not so suited seems fairly certain, for the following reasons: It 
has been shown by recent studies” that free-cutting steels (i.e., 
sulphurized or leaded steels) owe their free-cutting properties to 
the reduced friction between chip and tool, produced by the 
action of the sulphur or lead. Their machinability (in terms of 
tool life) is proportional to the amount of this friction reduction. 
Thus machinability is found to correlate directly with the present 
test, which measures chip friction, as long as free-cutting steels 
are used. 

However, in the case of ordinary steels, machinability (i.e., tool 
life) is not nearly so dependent on chip friction. With carbon or 
alloy steels which do not contain free-machining additives such as 
sulphur or lead, the abrasive action of the steel on the cutting tool 
seems to exert at least as important an influence on tool life as 
does chip friction. This abrasive action of the steel on the cutting 
tool does not show up in terms of chip friction at all, but is very 
evident in terms of tool wear. It is dependent on such factors as 
the bulk hardness of the steel, its strain hardenability, and in par- 
ticular, its microstructure. 

As an example of this behavior, consider the typical case of two 
bars of SAE 3150-1 and 3150-2. Both came from the same heat 
of steel but the 3150-1 had a spheroidized structure while the 
3150-2 had a pearlitic structure. When tool-force measurements 
were made on these materials, the two steels showed identical 
chip-friction values, as well as identical tool-force values. How- 
ever, the cutting speed for a 60-min tool life was quite different 
for the two samples of steels. For the 3150-1, having the spheroid- 
ized structure, this value was 155 fpm, whereas for the pearlitic 
3150-2 the cutting speed for 60-min tool life was only 132 fpm. It 
is evident that in spite of the fact that chip friction was the same 
in both cases, the pearlitic structure was more abrasive to the 
cutting tool than the spheroidized structure. 

Numerous similar cases of pairs of steels exhibiting identical 
tool forces and identical chip friction, but giving quite different 
values of tool life because of the difference in their abrasive action 
on the tool, have been observed in our laboratory. Thus while 
the test described by the authors is excellent for determining the 
machinability of free-cutting steels, it appears to be basically 
unsound for rating machinability in terms of tool life when 
applied to ordinary steels which' are devoid of free-machining 
additives. 


20 “Basic Reasons for Good Machinability of ‘Free Machining’ 
Steels,”’ by M. E. Merchant and N. Zlatin, Trans. ASM, vol. 41, 1949. 
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G. P. Wrrreman.2! It is well known that industry is sorely in 
need of a simplified short-time method of measuring machina- 
bility which would evaluate specific commercial machining — 
operations. The authors are to be commended for this approach 
to the problem. Their data indicate significant correlation of 
constant-pressure index with commercial observations. This kind 
of information should give encouragement to continue the proj- 
ect. In the event that further work is contemplated, it is sug- 
gested that consideration be given to the relationship of tool life to 
the following: 


(a) Smoothness of machined finish. 
(b) Constancy of tolerance. 


Specifically, mass production of parts on single- and multiple- 
spindle automatic machines is sometimes appraised on such qual- 
ity standards. 

Coincidental with the publication of this paper, the writer’s 
company has used the constant-pressure method on a commercial 
scale. The Bethlehem Plant No. 2 machine shop designed and 
built a special double-end horizontal drilling machine capable of 
handling bars from 4 to 12 in. diam up to 40 ft long. The bars are 
chucked in a driving head located at the center of the bed. This 
driving head operates independently from a 50-hp variable-speed 
motor. The right- and left-hand drill-mandrel carriages are sus- 
tained hydraulically at constant-pressure feeds by two con- 
ventional cylinders and piston rods. The capacity of the hy- 
draulic system is 8 tons maximum for each drill-mandrel carriage, 
and the increments of constant-pressure feeds are regulated by 
appropriate metering valves and limit switches which control the 
motors on the hydraulic pumps. 

The machine is adequately instrumentized which provides for 
the following data: 


1 Constant-pressure feed recorder located in the relay control 
panel. 

2 Direct-reading column fluid gages which indicate the rate of 
feed in inches per hour for each drill mandrel.22 

3 Dial pressure gages, reading in tons of constant pressure for 
each boring bar.2? 

4 Speedometer reading in revolutions per minute for the work 
material.?? : 


The drill-mandrel heads are designed for a simple fixture ground 
spade-type cutter, made from 6-6 high-speed steel, hardened to 
R.C. 63-65, which can be changed rapidly by means of a single set- 
screw. The point angles are varied from 10 deg to 20 deg, or 160 
deg to 140 deg included angles. The cutting edges are provided 
with necessary chip breakers. A water-emulsion cutting fluid is 
directed to the cutter at 150 psi pressure through a */,-in. pipe line 
which is flush with the outside diameter of the mandrel. This 
copious flow of cutting fluid facilitates in washing out chips and 
has ample cooling capacity to prevent heating of the chips. 

In production studies of 2!/,-in-diam deep-hole drilling of 4142 
and 4145 modified, annealed, and heat-treated, the rate of feed 
varied from 4 to 55 in. per hr at a constant pressure of 21/2 tons 
for a peripheral cutting speed of 70 rpm or 41 fpm. 

To determine if metallurgical inconsistencies caused variables in 
the rate of feed, disk sampling of work material was impossible as 
the specified length of the bar would have been rendered useless. 
As an alternative, it was decided to sample the chips, which was 
accomplished by noting the fluctuations on the feed gages. The 
chips were readily identified with the rate of feed by differences in 
thickness, otherwise referred to as chip load. 

In an attempt to evaluate the work material, four chips of 


*1 Assistant Metallurgical Engineer, Bethlehem Steel Company, 
Bethlehem, Pa. Mem. ASME. 


2 These instruments are located at the driving head panel. 
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Cups From Hear CH695, Cope S17, Grape 4142, Sizm 53/4 In. Diam ANNEALED, Freep 4 IN. per Hr. 


Location of specimen left end 10 ft. 9 in., microhardness Vhn 294. Companionate specimen right end 10 ft, 1 in., microhardness Vhn 330. 


VHN258 (BH N EQUIV. 


Fig. 12 Cures From Hear 6H695, Cope S17, Grape 4142, Sizm 53/4 In. Dram ANNEALED, FrED 28 In. PER Hr. 
Location of specimen left end 11 ft, 6 in., microhardness Vhn 258. Companionate specimen right end 12 ft, 1 in., microhardness Vhn 258. 


uniform thickness were selected from each group which indicated 
feed variables. These chips were mounted in plastic, polished, and 
etched for microstructures at X100 and X1000. Included were 
microhardness determinations which, for an average of ten read- 
ings on each chip, checked within 2 per cent. The over-all 
sampling consisted of fifteen sets of chips taken from five heats of 
steel annealed or heat-treated to various mechanical properties. 
For the purpose of this discussion details of three heats and chips 
thereof are shown in Table 5 herewith. In conjunction are illus- 
trations of the chips with respective microstructures and micro- 
hardness results identified in the caption, Figs. 11, 12, 13, and 14. 

The writer would summarize the results of this work as follows: 


1 As the project dealt with actual production of relatively 
large masses of work material, the data could not be confirmed by 
retests. 

2 The sensitivity of the constant-pressure hydraulic system is 
rather significant as shown by the rates of feeds, especially within 
the same bar. Moreover, there was a noticeable change in rates of 
feeds due to too] conditions. During one of the observations, 


cutting started at 34 in. per hr, left end at 6 in., and dropped to 28 
in. per hr at 20in. The pressure gage wavered between 2.5 and 
2.6 tons, and upon examination of the cutter it was found that 
the cutting edge on one angle had spalled for 3/s in. The cutter 
was replaced, after which the rate of feed was maintained at 38 in. 
per hr. 

3 There is not sufficient duplication of data to set forth 
definite conclusions; however, from what is available certain 
trends are indicated. These appear to have some correlation with 
the authors’ experience as associated with differences in micro- 
structure, composition, and hardness. Some of these trends are: 


(a) Rates of feeds are affected by the nonuniformity of struc- 
tures for annealed 4142 heat 6H695, as compared with more uni- 
form structures for normalized and drawn 4145 modified, heats 
6H634 and 2H341. 

(b) Hardness results of the three heats did not reveal any 
criteria as to the difference in rates of feeds. However, it is in- 
teresting to note that the annealed 4142 imparts greater propor- 
tionate work hardness in the chips. 
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Tic. 13 Cures From Hear 6H634, Cope S10, Grape 4145 Mopiriep, Siz 4°/s In. Diam Normauizep anD DRAWN 
(Feed 30 in. per hr, uniform length 30 ft, microhardness Vhn 348.) 


Fig. 14 


1006 X 


VHN294 (BHN EQUIV. 2901) 


Cuirs From Hyat 2H341, Copn M5, Grape 4142 Mopirtsep, Sizp 6!/4 In. Diam NorMaAtizEp AND Drawn, Frexp 55 IN. PER HR 


Location of specimen left end 6 ft, microhardness Vhn 294. Companionate specimen right end 6 ft, feed 45 in. per hr, microhardness Vhn 332. 


TABLE 6 DETAILS OF WORK MATERIAL 4142 AND 4145 
MODIFIED 
Analysis Heat 6H695 Heat 6H634 Heat 2H341 
Carbon'en.ccse es 0.40 0.46 0.46 
Manganese....... 0.89 1.04 0.97 
Phosphorus. . 0.022 0.026 0.017 
Sulphuri..6 di.5.: 0.020 0.020 0.022 
WILCOR Finateoeee tes 0.27 0.23 0.28 
Nickel; 235 .0:020% 0.18 0.13 0.08 
Chromittwr, ccc 1.04 0.99 0.84 
Molybdenum..... 0.19 0.29 0.30 
COPPOtsdaaras pars 0.10 0.11 0.09 
RGEAGO Nn gos winch len 4142 4145 mod 4145 mod 
Size (diam), in...... 53/4 5/¢ /4 
PLCAtIMENt ie.5 ae deus 1600 F, FC 30 1550 F, AQ, 1600 F, AQ, 
deg F per hr to draw 930 F draw 800 F 
900 F 
Machinability....... Poor Good Excellent 
Drilling rate, in. per hr 28 and 4 30 55 and 45 
Chip load (cal)...... 4 in./0.0009 in. 0.007 in. 0.013 in. 
and 28 in./0.0065 
in. 
Chip hardness Vhn.. 4 in.—294 and 28 348 294 and 332 
in.—258 
Work material hard- 
bstiess) BAU asat 179/207 302 285/302 _ 
Structure nace ceils Sorbitic pearlite Sorbitic pearlite Sorbitic pearlite 


and ferrite with and ferrite (dense and acicu- 
traces of lamel- lar type) and 
lar, pearlite ferrite 


(c) Composition, mass effect, and heat-treatment tempera- 
tures (Table 6 of this discussion) are contrasted for heats 6H634 
and 2H341. The latter produced an acicular-type structure 
shown at X 100, Fig. 14, because of the higher austenitizing tem- 
perature and the lower draw temperature. This condition gave 
the highest machinability rating which, theoretically, may have 
been due to the embrittling effect of the acicular constituent. 


Norman Zuatin.** The constant-pressure lathe test de- 
veloped by the authors certainly offers an expedient means of 
evaluating tool life. It overcomes some of the objectionable 
features of standard tool-life tests in that a minimum of time and 
material are consumed. The authors should be congratulated for 
developing this clever test procedure. 

However, as in most test methods, there are certain limitations 
to which an analysis of the results must be confined. The results 
of the authors’ tests indicate only tool life and not surface finish or 


*3 Metcut Research Associates, Cincinnati, Ohio. 
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energy consumption. 
three main factors which determine the machinability of a ma- 
terial. A single machinability index is not adequate unless it can 
evaluate completely all three of these machining characteristics. 
As yet, to the writer’s knowledge, no single index shaving this re- 
quirement has been published. 

Perhaps the most important limitation of this test method is 
the fact that it does not analyze the machining characteristics 
of the materials, but only rates them on the basis of tool life. From 
the results of these tests one could not tell whether the low 
machinability index, resulting from cutting a particular steel, was 
due to the presence of hard abrasive inclusions in the material, or 
its capacity to work-harden during cutting, or the high co- 
efficient of friction between the sliding chip and the tool.. 

There is another feature of this test method which should be 
considered while interpreting the results. The authors state: 
“Yhe laboratory lathe test is based upon finding that steels of 
different machining quality cut at different rates, for constant 
surface speed, when a fixed lateral pressure is applied to the 
tool.’”’ It has been the writer’s experience that tool life is in- 
fluenced by the magnitude of the feed rate. In this constant- 
pressure lathe-test method, it seems that in reality a comparison 
of the various tool lives is made using different feeds on each test 
material. Should not this be taken into account when evaluating 
the test results? 


AUTHORS’ CLOSURE 


The authors wish to thank all those who contributed their time 
and effort to the discussion of this test method. The number of 
discussions and their quality indicate the great interest in the 

‘problems -of machinability and machinability testing. It is 
only through such interest that progress can be made in the 
complicated study of the machining of metals. 


It is interesting to learn that Mr. Austin has obtained a correla- _ 


tion between simple drill-test ratings on cast iron and commercial 
tool-life measurements. A limited number of tests have indicated 
that the constant-pressure lathe test may be used in evaluating 
specimens of cast iron. More work, however, would have to be 
done to determine the tool material and tool shape for a long use- 


- ful life, as well as the best testing conditions. 


Dr. O. W. Boston points out that the constant-pressure method 
has been used successfully for sawing tests but with less success 
in drilling tests. We have found that drilling and sawing tests 
may give confusing results in some cases. For instance, the 
relative ratings of various steel samples can be altered by changing 
from a fine- to a coarse-tooth saw blade. Difficulties in sharpen- 
ing drills identically and in chip removal from the hole may ex- 
plain the disappointing results in drill tests. These difficulties 
are much less serious in lathe operations, using single-point tools. 

Fig. 4 of the paper refers to the effect of tool preparation and 
use on the reproducibility of the feed resulting from a constant 
horizontal pressure. It does not refer to ‘“V60’ tool life. The 
data for the ground tool can be interpreted as showing that little, 
if any, wear occurred. The data show that the tool cut faster 
in tests 21 to 40 than it did in previous tests 8 to 19. The ob- 
jection to the ground tools is based on their erratic performance 
rather than on, wear or tool life. 

Dr. Boston also mentions that the correlation between hardness 
and the constant-pressure machinability index is “not so good 
as might be expected.”” Some workers expect harder steels to 
cut with greater difficulty, others expect them to have better 
machinability. The range in hardness of the free-cutting steels 
under discussion was small and had less influence than other 
factors in which the steels differed. When the variations in hard- 
ness between samples are large, hardness does affect the feed 
resulting from a constant tool pressure. 


Hence the test only measures one of the - 


We agree with Mr. Davis, who recognizes the human element 
as an important variable in shop-production tests. A number of 
tests have indicated that constant-pressure tests at 75 mean 
sfm seem to reflect the relative performance of various free-cut- 
ting steels at surface speeds comparable to those encountered in 
most machining practices. 

All the points raised by Messrs. Enzian and Paliwoda appear 
pertinent. We agree that all test results must be interpreted 
with caution, and that is one reason the title restricts the test to 
free-cutting steels. There seems little doubt that one of the 
principal dffficulties in studying machinability is that of obtaining 
samples representative of large lots. This sampling problem can 
be circumvented, but in our work we were not ordinarily inter- 
ested in rating heats or ingots. Usually the problem consisted 
of testing small quantities of stock and determining the metal- 
lurgical cause for variations in machinability ratings. 

The question raised by Enzian and Paliwoda about the effect 
of abrasive inclusions is an interesting one. As they point out, 
the importance of abrasive inclusions has not been determined 
satisfactorily by any investigators. The tests reported in this 
paper do not provide much information on this point, since very 
little, if any, tool wear occurs during the constant-pressure lathe 
tests. The fact that ratings by this method correlate well with 
laboratory tool-life tests and also in commercial operation, can be 
interpreted in either of two ways. Perhaps the effect of abrasive 
particles has been overestimated, or the steels we tested contained 
comparable quantities of such inclusions. This may be a good 
place to inject a note of caution, because most of our tests were 
made on hot-rolled Bessemer steels. We have few test data on 
other grades and can only speculate about materials and testing 
conditions other than those discussed in the paper. 

Mr. Frye, ‘in his discussion, hesitates to term the results in 
Fig..9 of the paper as having a general agreement. As was 
indicated in the text, the points which deviate the farthest from 
the trend line are for samples representing lots that gave ques- 
tionable results in commercial tests. Perhaps the discrepancies 
resulted from the difficulties in shop tests which Mr. Frye consid- 
ers to involve “a complexity of factors ... real, intangible, and 
psychological.” We agree with him that the constant-pressure 
lathe test is a laboratory method, and that behavior in a turning 
test does not necessarily indicate the results to be expected in 
other machining operations. ‘Two steels do not rate in the same 
order in all types of metal-cutting. The obvious differences in 
feeds, speeds, and tool pressures involved may account for dis- 
agreements. Frequently, the anomalies may be explained by the 
fact that two steps are involved in machining: 


1 Cutting metal from the workpiece. 
2 Removing the chips from the scene of the cutting operation. 


Mr. Frye’s assumption that the metallurgical factors and me- 
chanical properties affecting machinability were studied is correct. 
However, the information is not germane to the present paper. 

The data and remarks by T. M. Garvey are especially valuable 
because he is closely connected with recent machinability studies 
at Carnegie-Illinois Steel Corporation. It is heartening to know 
that he considers the test simple, useful, and reliable after 
employing the constant-pressure lathe for a considerable length 
of time in the Carnegie-Illinois laboratories. 

It is interesting to note the similarity between the curves pre- 
sented in Professor Henriksen’s Fig. 10, and the curves for open- 
hearth steels in Fig. 7 of the paper. The authors feel that the 
hump shown in the figures may be the result of cutting tempera- 
ture. In Professor Henriksen’s experiments, the cutting tem- 
perature probably changes with the tool angle used. 

Dr. Merchant’s exposition of the reasons for the sensitivity of 
the test method and the necessity for caution in applying the 
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test to other grades of steel adds considerably to the publication. 
Dr. Merchant finds good theoretical reasons for considering the 
test method a sensitive one for comparing the machinability of 
free-cutting steels. The test method was of course developed 
and used only for studying materials of that kind. He may be 
right in his opinion that it would be less useful when applied to 
steels without additions to improve their machinability. How- 
ever, a number of constant-pressure tests made on nonfree-cut- 
ting steels have disclosed significant differences. For instance, 
the feeds resulting from a constant horizontal tool pressure have 
been found to vary with grain size and microstructure when a 
steel is tested in different conditions of heat-treatment. Tests 
on a certain C1045 steel gave heavier feeds when the structure 
consisted of lamellar pearlite than when the specimens had been 
spheroidized. Consequently, we believe that the question of 
the suitability of the method for testing steels without special 
additives is still unsettled. 

It was surprising to learn that Mr. Witteman’s group is using 
a constant-pressure test for studying machinability. The fact 
that he obtains useful information by drilling at conventional 
speeds using a cutting fluid, conditions quite different than our 
experiments, indicates that the spe ied underlying the test 
are justified. 

His data seem to confirm our experience that microstructure 
and composition affect the feed resulting from a constant tool 
pressure. Apparently the original hardness of the workpiece 
is not a reliable indication of machinability. These conclusions 
seem reasonable. The correlation between feed and increase in 
hardness of the chips shown by his tests on alloy steels is striking. 
The authors did not investigate this point. 

It is probably true, referring to Mr. Zlatin’s discussion, that no 
single test method provides all the information desired about the 
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There is good reason to believ 
that a steel which performs well in one type of machining opera 
tion, such as lathe turning, may not be as satisfactory for ones 
operations such as drilling. Therefore a laboratory test should 
simulate the eritical operation for which the material is to bé 
used. 

The constant-pressure lathe test seems to give reliable indica- 
tions of the performance of free-cutting steels in screw machines} 
As Mr. Zlatin points out, the laboratory ratings are in good agree; 
ment with commercial tool-life results. Contrary to his inter; 
pretation, the authors believe the constant-pressure test ratings | 
do indicate energy consumption, but no experiments were made ta 
check this point. As he points out, the test ratings do not provid | | 
information on the finish to be expected in conventional machin-§ 
ing operations. This objection is common to most laboratory 
tests. 
Although the reliability of the constant-pressure lathe test | 
was evaluated by some comparisons with tool-life data, we dis 
agree with Mr. Zlatin’s opinion that the test gives ratings only 
“on the basis of tool life.” Practically no tool wear occurs 
during the test. The feed at which a steel cuts in the test de-] 
pends upon the energy required for work-hardening and shearing 
the chip, and in overcoming the friction between the chip andl 
tool. Thefeedis probably an integrated indication of these 
factors for the cutting conditions employed, although the datay 
do not permit separate determinations of the different charac- 
teristics. | 

The answer to Mr. Zlatin’s last question is that the test results) 
are evaluated on the basis of the different feeds. The tool live 
are not determined for different feeds. The variation in feeds} 
between materials results from a constant tool pressure underjf 
cutting conditions resulting in practically no tool wear. 


Aerodynamic Heating and Convective Heat 
Transfer—Summary of Literature Survey 


By H. A. JOHNSON? anp M. W. 


The analytical and experimental information appearing 
in the literature for convective heat transfer at high ve- 
locities is summarized. Particular emphasis is given to 
heat transfer for submerged flow over flat plates, wedges, 


_ cones, and cylinders with a single reference to flow in pipes. 


The evidence presented supports, as a fundamental heat- 
transfer relation, the modified Newton’s law of cooling 


gai hAlt,, ad (t, de ru,’/2gJc,)| 


where the term ru,?/2gJc, accounts for the influence of 
frictional dissipation and is readily evaluated when the 


recovery factor ris known. A second and very important 
result is the evidence given to show that the heat-transfer 
coefficient h, is independent of the magnitude of the fric- 
tional-dissipation term. Data are presented for the re- 


‘covery factor and heat-transfer coefficient for high-speed 


subsonic- and supersonic-flow velocities. It should be 
noted, however, that heat transfer by radiation is not con- 
sidered here as it would be treated in the usual manner for 
heat transfer without frictional dissipation. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a = speed of sound, fps 
A = surface area for heat transfer, sq ft 
¢ = specific heat, Btu/(lb) (deg F) 
C, = specific heat at constant pressure, Btu/(lb) (deg F) 
Cp, = local skin-friction drag coefficient, dimensionless 
D = diameter, ft 
g = gravitational constant (32.2), ft/sec? 
h = heat-transfer coefficient (unit thermal conductance), 
Btu/(sq ft) (deg F) 
h, = local heat-transfer coefficient at location x, Btu/(sq 
ft) (deg F) : 
hp, = mean heat-transfer coefficient, Btu/(sq ft) (deg F) 
J = mechanical equivalent of heat (778), ft-lb/Btu 
k = thermal conductivity, Btu/(sq ft)(hr) (deg F/ft) 
L = length, characteristic dimension, ft 
Ltr = length at transition from laminar to turbulent flow, ft 
M = Mach number, w/a, dimensionless 
m = exponent for potential flow over wedges, dimensionless 
Ny, = Nusselt modulus, dimensionless 
Nyzsz = local Nusselt modulus, dimensionless 
Num = mean Nusselt modulus, dimensionless 
n = viscosity-conductivity temperature exponent, dimen- 


sionless, i.¢., u/u, = k/k, = (T/T,)” 
Numbers in parentheses refer to Bibliography at 


1 Reference (1). 
end of paper. 

2 Associate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif., on leave with the General Electric Com- 
pany, Schenectady, N. Y. Mem. ASME. 

3 Aeronautical Research Scientist, NACA Ames Laboratory, 
Moffett Field, Calif. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 28-December 3, 1948, 
of Tue Ammrican Socinty or MrcHanicaL ENGINEERS. 

- Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-39. 
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= absolute pressure, psf 
P, = pressure coefficient, dimensionless 


Np, = Prandtl modulus, dimensionless 
q = heat-transfer rate, Btu per hr 
r = local recovery factor, dimensionless 
r’ = local-free stream recovery factor, dimensionless 


7, = over-all recovery factor, dimensionless 
rz = recovery factor based on velocity and temperature after 
shock, dimensionless 
Nez = local Reynolds modulus, ux/v, dimensionless 
Nrez = Reynolds modulus, uL/», dimensionless 
Nrep = Reynolds modulus, uD/v, dimensionless 


R = ‘ideal gas-law constant, ft-lb/(lb) (deg R) 
t = thermodynamic-state temperature of fluid, deg F 
taw = adiabatic-surface (wall) temperature, deg F 


t, = free-stream-state temperature, deg F 

total or stagnation temperature, deg F 

t; = state temperature at edge of boundary layer, deg F 
ty = surface (wall) temperature, deg F 


At,g = total adiabatic stagnation-temperature rise, deg F 
T = absolute temperature, deg R 
T’ = absolute temperature for evaluation of fluid properties, 
deg R 
u = local velocity, fps 
u = local velocity at edge of boundary layer, fps 
U, = free-stream velocity, fps 
w = specific weight, lb per cu ft 
ax = distance along surface from leading edge, ft 
y = distance normal to surface, ft 
w = absolute viscosity, lb-sec per sq ft 
vy = kinematic viscosity, ug/w, sq ft per sec 
p = mass density, lb-sec/ft* 
a = total wedge angle, radians r 
y = isentropic exponent, dimensionless 


INTRODUCTION 


Frictional heating, the heating produced .by fluid-friction 
forces, has acquired increased importance with such develop- 
ments as the gas turbine and high-speed flight. The need for 
evaluating heat-transfer behavior under these conditions is ap- 
parent when it is observed that aerodynamic heating (frictional 
heating in air) can cause a (adiabatic) surface temperature to 
rise 57 deg F above that of the ambient air for flight speeds of 600 
mph and 1940 F for rocket speeds of 3600 mph (attained by the 
V-2). Realizing that an adiabatic (insulated) surface, one from 
which there is zero heat transfer when at thermal equilibrium, 
takes on a temperature in excess of the ambient fluid, the familiar 
concept that the rate of convective heat- transfer is proportional 
to the difference between the surface and ambient fluid tempera- 
ture obviously is absurd. Some connection between the rate of 
high-speed heat transfer and the temperature obtained by an 
insulated surface must exist. 

Convective heat transfer like fluid (skin) friction is considered 
a boundary-layer phenomenon, and it is held (a), that heat 
passes to the fluid by molecular conduction through a laminar 
layer which is always present immediately on the surface; and 
(b), that for the moment the heat rate is proportional to the tem- 
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perature difference between the surface and the ambient fluid 
(usual treatment). Thus the rate of convective heat transfer 
is expressed by 


oy 
From Equation [1] the heat-transfer coefficient may be defined 
by 


_ —kQt/dy)y=0 
bs ia (ty Mie t,) 


However, for the purpose of correlating heat-transfer data in di- 
mensionless form, Equation [2] is written in terms of the Nusselt 


k im (try PES to) as; Oia ikb, Gully Di ere, Te) Oe. Fo 

Using this definition of the Nusselt modulus, it can be shown 
(2, 3) from the steady-flow energy of a fluid and for a given geo- 
metrical system that 


Nine ta Vice al irate) Abaa/ Weneaeel) ll eet ase [4] 


Of the five dimensionless variables in Equation [4], only the 
first three, Nyy, Np, and Np, normally appear for heat transfer 
because M and At,,/(t,, — t.) are substantially zero for low-ve- 
locity flow. Consequently the Nusselt modulus and in turn the 
heat-transfer coefficient h, are independent of the temperature 
potential (¢,, — t,), which is a necessary requirement in order that 
Equation [1] conveniently may represent the rate of heat trans- 
fer. At high velocities, however, the temperature factor, Af,3/ 
(t,, —t,), in Equation [4] is finite, and Ny, is dependent upon the 
temperature potential, thereby destroying the convenience of 
using Equation [1]. 

The reasoning that leads to the deduction of a heat-trans- 
fer equation in which the temperature potential and heat-transfer 
coefficient are independent of each other follows. Suppose that a 
thermally insulated plate is placed parallel to the direction of 
flow in a high-speed fluid stream. The fluid flowing over this 
plate is retarded as a result of the viscous forces which act in 
creating the flow boundary layer. ‘The combined effect of 
damming, work done by the viscous forces, and conduction of 
heat through the fluid tend to create a temperature distribution 
in the thermal boundary layer, the shape of which is dependent 
on the relative magnitudes of the afore-mentioned processes. For 
instance, for laminar flow, the resulting temperature distribution 
is that of Pohlhausen (4), a typical curve of which is indicated in 
Fig. 1. : 

Since the plate is thermally insulated, the rate of heat flow 
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and consequently the temperature gradient with respect -to the 
normal to the surface must be zero. The temperature which the 


plate (and the fluid in contact with the plate) assumes is desig- | 


nated as the “adiabatic surface temperature,’’* (f,,.). 

Suppose now that the plate is heated so that its surface tem- 
perature #,,, is greater than t,,. 
respect to the normal is no longer zero as heat is being transferred 


to the fluid, see Fig. 2. The converse is true if ¢,, were less than | 
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transfer with frictional heating can be expressed as 
1 tet GL ces 5) peeve La is [5] 


where h = heat-transfer coefficient with frictional heating, 
Btu/(sq ft)(hr) (deg F). In order to establish the worth of 
Equation [5] it is necessary to investigate the relationship be- 


tween the adiabatic surface temperature ¢,,, and the coefficient | 
h. Considering ¢,, first, it can be seen from Equations [3] and — 


[4] that when the plate is insulated, i.e., ¢,, = t,,, and (Ot/dy)y=0 = 
0, Equation [4] reduces to 
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or defining the temperature difference ratio as the ‘‘recovery 
factor,” r 
t 


a to Se 
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A knowledge of the recovery factor r is therefore prerequisite 
to a determination of the modified temperature potential (tw — 
taw) and is treated independently of the heat transfer. 

The heat-transfer coefficient with friction } has been investi- 
gated by theoretical analyses for laminar flow (5), and turbulent 
flow (6, 7) over flat plates, which show conclusively that it is 
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The temperature gradient with | 


It is logical then to postulate that the convective heat 


. [6] 


fe (Nr ) N p, ) M) Th 6 oe [7] 


both independent of the modified temperature potential and is | 


identical with that for low speeds as evaluated for the same Reyn- 
olds and Prandtl modulus, i.e., h = h. Some support for these 
statements has been obtained experimentally for high-speed sub- 
Sonic air flow in pipes (8), gas-turbine-blade cooling (3), and 
supersonic flow over cones (26). Thus the high-speed convec- 
tive heat-transfer equations can be summarized as 


a 
= hA (ty — ty) = hA lt, — (4 He 
q ( ) ‘ ( +r on ... [8] 


AL 
Nw = > =fi (Nr, Np,, M) wats, wake alive ta oi [9] 


4 The temperature defined here as the adiabatic surface tempera- 
ture is referred to in the literature as the “inherent, natural, un- 
heated or insulated surface, braking plate thermometer, and bound- 
ary-layer temperature.”’ 
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It now remains to evaluate Equations [9] and [10] for various- 
shaped bodies and several types of flow. 


Recovery Facrors 


The recovery factor is defined in terms of the adiabatic surface 
temperature by Equation [10]. It should be noted, however, 
that there are occasions requiring the use of one or more of fires 
different recovery factors, dependent upon the shape of the body. 
The most common, referred to simply as the recovery factor, is 
the “local” recovery factor, based upon local values of fluid ve- 
locity, temperature, ie., local values at the edge of the flow 
boundary layer, and on local values of the adiabatic surface tem- 
perature. If the undisturbed free-stream fluid velocity, tem- 
perature, and the mean surface temperature are used, the result 
is called the “over-all” recovery factor. A third type, based on 
- the undisturbed fluid velocity, temperature, and the local adia- 
batic surface temperature, is termed the “local-free stream’ 
recovery factor. In the following, the extent of existing knowl- 
edge on recovery factors is presented for various shaped bodies 
and several types of flow. Emphasis is given to submerged flow 
and, unless otherwise specified, to the local recovery factor. 
Considerable attention is given to flow over the flat plate be- 
cause the results are applicable to supersonic flow over wedges 
and cones for which, like the flat plate, the static pressure dis- 
tribution is constant over the flow surface. 

Flat Plate. For laminar flow along the length of a flat plate 
the recovery factor has been evaluated analytically by several 
investigators (see references 4 and 9 to 14, inclusive). A review 
of these references (15), stressing those solutions which consider 
variable fluid properties and including numerical results for se- 
lected values of Prandtl modulus from 0.72 to 1.2, Mach number 
from 0 to 10, and n, the temperature exponent for viscosity and 
thermal-conductivity variation from 0.5 to 1.25, shows that the 
recovery factor is independent of Reynolds modulus and Mach 
number (see Equation [10]) and is well represented by the square 
root of the Prandtl modulus 
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Because the Prandtl modulus was maintained as an independent 
parameter in the various solutions, no means of determining the 
reference temperature at which to evaluate Np, is possible from 
‘these solutions. At subsonic velocities Equation [11] has been 


verified experimentally by Hilton (16), who measured the adia- . 


batic surface temperature for air flow over thin plates, and by 
Eckert and Weise (17) for flat plates and axial flow along cylin- 
drical probes (see Fig. 3, for the apparent laminar-flow range of 
Reynolds modulus, i.e., less than 5 X 10°). 

At supersonic velocities, Equation [11] has been substantiated 
somewhat by the data of Eber (26) who performed experiments 
for flow in the transition region over cones. It was possible to 
‘extend these cone data to flat plates (0 deg cone) because the 
method of reducing data, using the potential flow velocity and 
temperature behind the attached shock wave, was such that the 
local recovery factor is shown to be independent of cone angle (see 
Fig. 8). The data seem questionable, however, for although the 
Reynolds moduli indicate transition on the cone surface (veri- 
fied by heat-transfer data), the results show a constant recovery 
factor along the surface that is the same as for laminar flow over 
flat plates. 

For the turbulent boundary layer with subsonic flow over a 
flat plate, Hilton (16) noticed that the adiabatic temperatures 


= fo(Nne, Np,, M).[10] 
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in the rear portions of his plates were higher than those given 
by Equation [11], and ascribed them to the turbulent boundary 
layer. Similar results obtained by Eckert and Weise (17), 
Fig. 3, show the recovery factor increasing with Reynolds modu- 
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lus and approaching a limiting value of 0.89. However, experi- 
mental values for supersonic velocities which are about 7 per cent 
higher are reported by Kraus (18), suggesting a Mach-number 
effect as well as Reynolds and Prandtl moduli dependency. 

While there are no turbulent boundary-layer analytical solu- 
tions comparable to those for laminar flow, some analyses have 
been made including frictional dissipation. Ackermann (19) 
obtained an expression for gases at large Reynolds modulus 
which, with Prandtl modulus between 0.5 and 2, is approximated 
by 


a result which agrees with the limiting value of 0.89 shown in 
Fig. 3. Seban (7), postulating that the turbulent boundary 
layer of a flat plate could be represented by Nikuradse’s velocity- 
distribution data for turbulent flow in pipes, evaluated the heat 
transfer with dissipation in the laminar sublayer, buffer layer, 
and turbulent layer and obtained 


= 1— (4.71 — 4.11 B — 0.601 Np,)N pee? --- [13f 
where 
_ Nex (5 Np, —7) 
2 (5 Np, + 1) 
or for air with Vp, = 0.72 
rete Sle — 0.869 Nig. 0? - [14] 


By neglecting the buffer layer, the solution is the same as that of 
Shirokow (20), namely 


Sct —— 4.55 (1 —Np,) Niger 2a ele wes [15] 
or for air with N p, = 0.72 
fey 2 GUbEEB Ng Aes abiteond, lal (16] 


These results are compared in Fig. 4 and, except for Equation 
[12], it is observed that the predicted values for the turbulent 
boundary layer lie substantially above the experimental results 
from Fig. 3, and also approach unity rather than Np, ‘A As 
mentioned, values from 0.91 to 0.98 are reported for supersonic 
velocities and attributed to a Mach effect, which would not be 
indicated by the foregoing incompressible flow analyses. 

Wedge. Analytical solutions are available for laminar, incom- 
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pressible, subsonic flow over wedges at a zero angle of attack. 
The local velocity at the outer edge of the flow boundary layer 
has been found from potential flow to be 


Ayo Seat 9/8 Dito es hele Sohn oo cee [17] 
where 
u = local velocity at edge of flow boundary layer, fps 
u, = free-stream fluid velocity, fps 
x = distance along surface from leading edge, ft 
L = distance along surface from the leading edge where local 
velocity substantially equals free-stream velocity, ft 
a/(Qr—a) . 
total wedge angle, radians (note a/r = 6) 


m= 
a= 


Falkner and Skan (21), and Hartree (22) integrated the in- 
compressible-flow equations to determine the velocity distribu- 
tions in the boundary layer, and Fig. 5 shows the calculated ve- 
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locity profiles for various wedge angles. Employing these ve- 
- locity distributions in the energy equations and postulating all 
material properties constant, including density, Eckert and 
Drewitz (23) obtained the temperature profiles shown in Fig. 6 
for thermally insulated wedges. (Note that 7 is, like a, a local 
value at the outer edge of the boundary layer.) It should be 
noted that in the calculations of Eckert and Drewitz it is presup- 
posed that the temperature equalization along the wedge surface 
is low. ° 
Fig. 6 indicates that the local recovery factor at the surface of 
a flat plate, i.e., temperature difference ratio at y = 0 for a wedge 
of zero apex angle identified by 6 = 0, is 0.84 or Np, '/2, and that 
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for the other extreme of a plate normal to the airstream, i.e., |} 
8 = 1,7 is 0.78. Similar results, r = 0.84 for 8 = 0, and r = | 
0.72 for 8 = 1, were obtained by Tifford (24). The reason for 
the discrepancy between results for 8 = 1 is not clear but is 
probably due to differences in precision of the numerical calcula- 
tion upon which both results are based. Noting in Fig. 6 that) 
the local recovery factor is independent of the distance x and is 
within either 5 or 15 per cent of Np,'/? for all wedge angles, use | 
of the flat-plate recovery factor is justified for the usual wedge 
angles (60 deg or less). Experimental verification of these re- 

sults is not available at present. ) 

Solutions of supersonic flow over an infinite wedge (similarly 
for a cone) at zero angle of attack indicate that the velocity, 
state temperature, and pressure along the outer edge of the 
boundary layer are constant with distance along the surface from 
the apex, when the Mach number is sufficiently large to insure an 
attached shock wave at the apex. These conditions are identical |} 
with those for a flat plate and therefore indicate use of flat- 
plate recovery factors, see Fig. 8. 

Cylinder, Normal to Flow Direction. Experiments have been 
performed to determine the local-free stream recovery factors 
around the circumference of right-circular cylinders placed normal 
to the fluid stream. The most elegant of these experiments at ||} 
subsonic free-stream velocities, that of Eckert and Weise (17), |} 
determined the change in adiabatic surface temperatures along 
the periphery at intervals of 2 to 3 deg. The data are presented 
(see Fig. 7), both in terms of the local-free stream recovery 
factor 


, law edt to law er to [18 
7 = => © vhrw Wu owl fe (el e,e sb) Bee 
t,—t, Up? /2gI Cy 
‘and the local recovery factor 
gat bees ib 
re [19] 
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where subscript o refers to the free-stream conditions and sub- |} 
script 1 to local values® at the edge of the boundary for the same i; 
angular position as for é,,,. 


It is seen from Fig. 7 that the local-free stream recovery fac-_ || 


tor, r’, is unity at the leading edge of the cylinder, indicating 
that the true stagnation temperature is attained there. It then 
drops continuously to a value near zero at the rear stagnation 
point with a slight inflection at the point of flow separation where 
the pressure starts to rise. The values obtained in the rear of the 
cylinder are inconsistent and are not correlated systematically 


5 The local values are determined by the relations 
? Vee 
Pi = Po — Vo Po to?Pe, 11 = To(Pi/Po) : ’ ur?/2eT Cp =%—% 
where ¥ is the isentropic exponent. 
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with Reynolds or Mach moduli. Similar conclusions were noted 
by Hilton (16) as a result of his measurements. 

An important conclusion is drawn from the local recovery fac- 
tor r (dotted line) which is constant with the peripheral angle and 
approximately equal to 0.84 (r = VN a - Since experiment 
has shown that laminar flow exists on the leading edge of a cyl- 
inder up to the point of separation (between 70 and 80 deg meas- 
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ured from the upstream stagnation point), it is significant that this 
local recovery factor r, is identical with that for laminar flow ona 
flat plate. It is concluded then that the local recovery factor 1, 
along the leading edge of a cylinder, defined by Equation [19], 
is the same as that for laminar flow on a flat plate up to the point 
of separation, or, if transition ovcurs, up to the start of the turbu- 
lent boundary layer. The case of, transition to turbulent flow 
ahead of separation, along with the state of flow in the region 
behind the separation point, has not been clarified as yet. 

For supersonic speeds, the flow conditions over the surface of a 
cylinder normal to the flow direction have not been clarified as 
yet and the local recovery factor r, described earlier for the lead- 
ing edge of the cylinder cannot be obtained. There are data, 
however, for the over-all and. local free stream recovery factors 
for both subsonic and supersonic speeds. 

The over-all recovery factor r,, for subsonic speeds is reported 
for small wires (diameters 0.003 to 1.02 in.) by Hottel and Kali- 
tinsky (25), for small cylinders (0.08 to 1.2 in.) by Eckert and 
Weise (2), and for large cylinders (1 to 2.8 in.) by Cavigli and 
Swanson (27). The results show over-all recovery factors which 
range from 0.55 to 0.7 for Mach number less than 0.5, and from 
0.55 to 0.82 for Mach number between 0.5 and 1.0, with no 
systematic method for correlating these data. If, however, a 
single diameter of 0.5 mm is considered, consistent data are given 
by Eckert and Weise (2), and Eber (26) for a range of free-stream 
Mach numbers from 0.4 to 3.4, Fig. 9. The dip in the curve 
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at Mach number near 0.5 is attributed to the effect of a local sonic 
Mach number at some point on the cylinder periphery, an effect 
which does not occur for free-stream Mach numbers less than 0.5 
or greater than 1.0. 

Local-free stream recovery factors 7’, for subsonic and super- 
sonic air flow normal to cylinders, shown in Fig. 10, indicate 
substantial increases on the rear portion of the cylinder as the 
free-stream Mach number exceeds 0.6, and so accounts for the 
rising over-all recovery factors given in Fig. 9, as the Mach num- 
ber increases above 0.6. Also, from Fig. 10 it is observed that: 


(a) The ‘adiabatic stagnation temperature (recovery factor = 
1) is attained at the front stagnation point for subsonic and 
supersonic speeds. 

(b) The local-free stream recovery factor at supersonic speeds 
does not decrease as greatly with distance around the circum- 
ference as it does for subsonic speeds. Also, the value at the rear 
stagnation point increases from about 0.1 to 0.87, as the Mach 
number changes from 0.5 to 2.5. 

(c) The inflection point, due to separation of flow, for sub- 
sonic speeds is delayed for the larger of the two cylinders, and 
no sharp inflection is noticed for supersonic speeds; however, the 
latter may have been masked by the 30-deg test interval used 
by Eber. 

Heat TRANSMISSION 


It was pointed out earlier that the analytical studies and some 
experimental work which have been done for heat transfer indi- 
eate that the heat-transfer coefficients with and without frictional 
heating are identical, provided the temperature potential in New- 
ton’s law of cooling is defined as the difference between the sur- 
face temperature and the so-called adiabatic surface temperature 
(Equation [5]). Under these circumstances, the following 
available information for correlating and predicting heat- 
transfer coefficients without frictional heating is of equal im- 
portance to that which refers specifically to heat transfer at high 
speeds: 

Flat Plate. The heat-transfer characteristics of the laminar 
boundary layer are treated in detail in reference (15). In gen- 
eral, the results for local heat-transfer coefficient can be expressed 
by the following dimensionless equation 
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where the subscript x refers both to a characteristic length 2, 
measured along the length of the plate from the leading edge, and 
to local values of all quantities represented in the equation. All| 
of the properties, including density in the defining equation of 
local drag, are based on the same temperature, not necessarily the | 
free-stream temperature (usually specified for the drag coefficient). |] 
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The results of the cited references are plotted in Fig. 11 in terms | | 
of the bracketed product (c De / N Be) which has a constant 
value of 0.664 for the Blasius solution. It is seen that this quan- 
tity and consequently the Nusselt modulus in Equation [20]§ is 
dependent upon Mach number M, the wall or plate temperature 
Ty», and the viscosity-conductivity temperature exponent n. 
By a cross-plot of Crocco’s results, it was found that the effects 
of the parameters appearing in Fig. 11 were substantially elimi- 


nated if all properties are evaluated at a fluid temperature 7’ 
defined by 


6 By definition, if values of Cpr /Naez are taken from Fig. 11, all 
properties in Equation [20] are evaluated at the free-stream tem- 
perature. 
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Z = 2 Py 
T, = 1 + 0.032 M? + 0.58 T, dee {21] 


‘The small variation in the quantity Cp, ~/N Rez, 2S based upon 
properties evaluated at the temperature defined in Equation 
{21] is illustrated in Fig. 12. Thus for laminar flow of an ideal 
gas, Equation [20] reduces to one with a constant coefficient 
(0.664), replacing the quantity Cp, V/. N rex, Making it identical 

~to that obtained by Pohlhausen for constant properties, provided 
the fluid properties are evaluated at the temperature 7 ’, defined 
by Equation [21]. j 
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Experimental verification of Equation [20] without frictional 
heating, is given by the data of Fage and Falkner (28), and 
Jakob and Dow (29). While the results of Fage and Falkner 
are about 13 per cent high, attributed to the nonuniform tempera- 
ture of the plates used by the experimenters, the constant-tem- 
perature cylindrical-probe results of Jakob and Dow agree within 
the accuracy of their experiments. 

For turbulent flow over a flat plate, the local heat-transfer co- 
efficient without frictional heating is represented by the equation 


Nyys = 0.0296 Np,.°? Np, /* (turbulent flow)..... [22] 


This equation results from frictional drag for turbulent flow on a 
flat plate, as correlated by Colburn (30), using the momentum- 
heat transfer analogy. Latzko (31) obtained the same result 
analytically (for Prandtl modulus at unity), by applying the 
seventh-power-law distribution of temperature and velocity, 
based upon the measurements of Elias (32). Equation [22] was 
also verified by the data of Jiirges (33), and Jakob and Dow (29), 
which deviate from it by plus 6 per cent and minus 14 per cent, 
respectively. 

With frictional heating and turbulent flow, analyses by 
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Crocco (6), Shirokow (20), and Seban (7), based on the momen- 
tum-heat transfer analogy and the modified temperature poten- 
tial, indicate that the heat-transfer coefficient without frictional 
heating applies. In fact, the heat-transfer coefficients obtained 
by Shirokow and Seban are identical with those given by Prandtl 
and von Kérmdén, respectively, where frictional heating was 


negligible. A comparison of these results is given in Equation 
[23] and Fig. 13. 
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0.0296 N p,’/# 
—__________** _______ (Prandtl 
PF nie Nh Leegeeey eRe 
0.0296 N p,'/3 
1 + 0.775 Ne?! (Np, + In (1 + 5 Np,)] — 2:17 
(von K4rmé4n) 


.. [23] 


H 
q 
1 
i 


Considering that the results shown in Fig. 13 do not deviate 
excessively for Prandtl’s modulus near 1, Equation [22] is recom- 
mended for its simplicity. Questions as to Mach-number effect 
{see Equation [9]), and the temperature at which to evaluate the 
fluid properties cannot be answered by the cited analyses. A 
temperature equal to the surface temperature is suggested, con- 
sidering that the laminar sublayer in turbulent flow may be 
controlling. ; ; ; 

The mean heat-transfer coefficient for a plate of length L is con- 
sidered as follows: Usually laminar flow exists on the forward 
portion of the plate which “transits” te turbulent flow when the 
Reynolds modulus for transition N py, is exceeded. If it is postu- 
lated that the local heat-transfer coefficient for the turbulent por- 
tion of the plate is the same at a given value of x as it would be 
if turbulent flow had started at the leading edge, i.e., Equation 
[22] is valid, then the average heat-transfer coefficient for a plate 
of length Z will be 


1 . Lts, L 
hi, == | of, hy tom AL + sf hy turb ar] (transition flow) 
L 0 Ltr 


acetate [24] 


where L,, is the transition length or distance along the plate to 
the point Nz., = N Retr 

Substituting Equations [20] (for constant property case) and 
[22], Equation [24] becomes 


Num = 9.037 (Npex*® — Nepes?® + 18.0 Nets?) N pp /* 


(transition flow)........ [25] 
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or with Nw, taken at 5 Xx 105, a value often reported for heat- 
transfer'data 
Nyum = 0.037 (N p,°:8 — 23,100) NV p,'/* (transition flow). . [26] 


Note that for laminar flow only 


Navin =: 0664iN pen) 2 (Ne) teste. . elt [27] 
and for turbulent flow only 
Nuyum = 0.037 (Nper)?8 (Np). . cs Eee [28] 


Wedge. In the discussion of recovery factors for supersonic 
flow over wedges it was pointed out that potential flow over the 
wedge surface for an attached shock wave is the same as for a flat 
plate. Thus, as for the recovery factor, the potential flow be- 
hind the oblique attached shock is determined, and the flat- 
plate heat-transfer coefficients are applied. * 

On the other hand, the heat-transfer coefficients for subsonic 
flow are of interest because it has been recommended (34) that 
the local velocity at the outer edge of the boundary layer be used 
inthe Reynolds-modulus of the flat-plate equation so that those 
equations will apply approximately to surfaces of large radii of 
eurvature. ‘Also Eckert (35) indicates that the solution for 
wédges may be so applied as to permit predictions for other 
shaped bodies. For subsonic flow then, the heat transmission 
from a wedge in a laminar-fluid stream at zero angle of attack 
has been determined analytically by Eckert and Drewitz (23), 
and Tifford (24). ‘In these calculations it was postulated that 
the fluid properties and the surface temperature are constant; 
the results are 


V(m + 1)/2 


Naw = —7= = (Nana) 7? 
af exp (= Nips oi itn) dn 
0 0 


= C,.Naad 2. --- (29) 
where ae 
N ae = h,x/k, Nrez = ux/v 4 
f = nondimensional function, representing velocity dis- 
tribution in boundary layer 
nm = nondimensional function, correlating local Reynolds 
modulus and geometry of system 
m = a/(2xr — a), where a is total apex angle of wedge in 
radians 
C, = multiplier, defined by Equation [29], which is ‘a func- 


tion of Prandtl modulus and wedge apex angle (see 
Fig. 14) 


To investigate the recommendation that the flat-plate equations, 
based upon the local potential-flow conditions at the edge of the 
boundary layer, be used for wedges, the multiplier C,, in Equa- 
tion [29] is plotted for Prandtl modulus 0.7 (air) in Fig. 14. 
Since this multiplier for a flat plate, ie., C,, = 
tion [20], is only 10 per cent less than the value in Fig. 14 fora 
40-deg wedge, the suggested approximation is supported for lami- 
nar flow over wedges of less than 40-deg apex angle. As there 
are no similar analyses for the turbulent boundary layers, the 
method is arbitrarily extended for turbulent flow. 

Cones. Since the flow boundary conditions of a cone in super- 
sonic flow are identical with those for flow over a flat plate, 
Hantzsche and Wendt (36) showed that the laminar-flow flat- 
plate heat-transfer-coefficient equations apply when modified by 
a multiplying factor determined by the geometry of the flow. 
The factors are ~/3 and (2/3) ~/3 for the local and mean heat- 
transfer coefficients, respectively, i.e., from Equations [20] and 
[27] : 
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Nuk See: BTS Nes A ee tn nee [30] 
Nxwn = 0.767 Nee! Np, 


Slight verification of these equations has been obtained experi- 
mentally in supersonic air flow. One set of experiments was | 
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conducted by Eber (26), who performed short-duration tests on 
small cones in a blowdown wind tunnel. The data are correlated 
as shown in Fig. 15, based on flow conditions over the cone sur- 
face aft of the shock wave with viscosity arbitrarily evaluated by 
Eber at the adiabatic surface temperature. In Fig. 15 it appears 
that these data confirm the application of the flat-plate equations 
in that the results are independent of cone angle and are also well 
represented by predictions based on those equations. It should 
be noted that the agreement shown in Fig. 15 is cited as evi- 
dence that there was transition flow on the cone surface. Curves 
in the turbulent and transition region, based on cone equations, 
could not be presented as the geometry factor relating flat plates 
and cones is not known at present for the turbulent boundary 
layer. Another set of experiments by Fischer and Norris (37) 
indicate that flat-plate equations apply approximately to the 
conical tip and side plates on a V-2 missile in flight when the 
fluid properties are evaluated at the temperature T” of Equation 
[21]. 
SUMMARY 


Analytical and experimental investigations of convective heat 
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transfer from bodies in submerged flow at high speeds, where 
frictional heating is important, have so far supported the modi- 
fied Newton’s law of cooling (Equation [8]) as a fundamental 
heat-transfer relation. These investigations also indicate that 
the heat-transfer coefficients with the modified temperature 
potential and frictional heating are identical to those without 
frictional heating. Thus the procedures differ from that nor- 
mally followed for heat-transfer calculations only in the evalua- 
tion of the adiabatic surface temperature which replaces the state 
temperature of the fluid. 

The recovery factor (Equation [10]), which by definition de- 
termines the adiabatic surface temperature, is well represented 
by Np,, for laminar flow over various-shaped bodies, even for 
large Mach number, provided the temperature equalization in 
the surface is low. The recovery factor for transition and turbu- 
lent flow is not established but apparently depends on Mach 

_ number and is greater than that for laminar flow, exceeding the 
suggested value of NV BES : 

Heat-transfer measurements with frictional heating are at 
present limited to one set of experiments for supersonic flow over 
cones and a single V-2 flight test, the results of which support the 
extrapolation of flat-plate heat-transfer coefficients for that pur- 
pose. The use of flat-plate heat-transfer equations is indicated 
for wedges and cones at supersonic velocities when the shock 
wave is attached. For other shapes of large radius of curvature 
and for high-speed subsonic flow over wedges and cones, esti- 
mates of the heat transfer might be made based on local condi- 
tions at the edge of the flow boundary layer applied to the avail- 
able analytical solution for wedges (Fig. 14), or again to the flat 
plate. 

The temperature at which to evaluate fluid properties, as deter- 
mined from the analytical solutions for laminar flow of gases 
over flat plates, is given by Equation [21]. For turbulent 
flow, this reference temperature is much in doubt and will be 
determined eventually only by test; however, until such data are 
available the surface temperature is believed to be more suitable 
than the free-stream temperature. 
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Supersonic Convective Heat-Transfer 
Correlation From Skin-Temperature 
Measurements on a V-2 Rocket in Flight 


By W. W. FISCHER? ano R. H. NORRIS,? SCHENECTADY, N. Y. 


Coefficients of convective heat transfer have been evalu- 
ated by analysis of the skin-temperature measurements 
made at several points on the nose of a V-2 (German A-4) 
rocket during flight in New Mexico. On one side, the 
surface of the nose was smooth but on the other side, 
4 in. from the nose tip, a transverse ridge about % in. 
high, was purposely provided as a turbulence promoter. 

The test results are compared in dimensionless form 
with various proposed correlations for both laminar and 
turbulent conditions of the boundary layer. The test 
results, thus correlated, seem to justify the following con- 
clusions: (1) Boundary-layer transition seems to be more 
dependent, at supersonic speed, on Mach number than on 
Reynolds number. (2) The theoretical heat-transfer cor- 
relation for a laminar layer is confirmed by the appropriate 
sets of test points to the estimated order of accuracy of the 
test. (3) For turbulent layer conditions, the subsonic 
correlation for a flat plate provides better agreement with 
the supersonic test results than does Eber’s correlation, 
but there still remains a range of uncertainty as to the best 
choice of temperature for evaluation of the air properties. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


a = velocity of sound, fps 
C, = friction coefficient = aay? dimensionless 
c = specific heat, Btu/(Ib) (deg F) 
S 
h = coefficient of heat transfer = poe Btu/(sec) (sq 
adw —_ w 
{t)(deg F) . . 
J = mechanical equivalent of heat, 778 gb) /Btu 
h a 
j = heat-transfer factor = ak , dimensionless 
Cpp V k 
k = thermal conductivity: of the air, Btu/(sec)(sq ft) (deg 
F/ft) 
My = Mach number, Vo/dam, relative to the undisturbed air, 
dimensionless 
M; = Mach number, Vi/am, locally, just outside the boundary 


layer, dimensionless 


1 This investigation was made as a part of ‘Project Hermes,” 
Army Ordnance Contract W30-115-Ord 1768. 

2 General Engineering and Consulting Laboratory, General Elec- 
tric Company. Jun. ASME. 

3 General Engineering and Censulting Laboratory, General Elec- 
tric Company. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at 
the Annual Meeting, New York, N. Y., November 28-December 3, 
1948, of Taz American Socinty or MECHANICAL Encineers. Much 
of the subject matter of this paper has been presented also at a meet- 
ing of the Heat Transfer and Fluid Mechanics Institute, Los Angeles, 
Calif., June 21, 1948, under the joint auspices of the ASME and other 
' organizations. pai 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-54. 


m = exponent in relation that » is proportional to 7”, dimen- 
sionless 

p = absolute pressure, psf 

q = heat flow rate, Btu per sec 

R = Reynolds number, = ae for position z, dimensionless 

be 

S = surface area, sq ft 

T = absolute temperature, deg R (deg F abs) 

t = time, sec 

V = velocity of air, relative to surface, fps 

x = distance along surface, measured from tip of cone or nose 
unless otherwise specified, ft 

6 = thickness, see Equation [8], ft 

e = radiation emissivity of skin, dimensionless 

“ = viscosity of air, lb/(sec ft) 

p = density, lb per cu ft 

o = Stefan-Boltzmann constant, = 0.483 X 107!” Btu/ 


[(deg R)* (sq ft) (sec)] 
shear stress on surface due to friction, psf 
Subscripts: 


adw = adiabatic wall, as defined for 7'saw in Equation [7]. 
am = “ambient” conditions in undisturbed atmosphere 
(static values) 
c = value of cement layer, see Equation [8] 


m = mean value, by integration over surface from tip of nose, 
cone or plate, to point x ; 
value (of V or M) referring to the undisturbed air, rela- 


oUF 
tive to surface. 
p = value at constant pressure, see definition of ¢ 
s = value of stainless-steel skin, see Equation [8] 
w = value at wall surface, or of material of wall itself 
z = “local” value at point x (as distinguished from mean 


value, denoted by subscript m) j 
1 = value for air just outside boundary layer, at location x 
= value at a temperature 7’, defined by Equation [2] 


~ 


INTRODUCTION 


One of the important problems of supersonic flight is the pre- 
diction of convective heat transfer between the surface of a body 
and the air through which it moves. The available theory for 
supersonic speeds, reviewed by Johnson and Rubesin (6, 13)‘ is 
limited to laminar boundary-layer conditions. Furthermore, the 
test data heretofore available for confirmation of this theory and 
extension of the correlation to other conditions seem inadequate. 
Although some results of wind-tunnel tests have been available 
(1), the uncertain effects of nonuniformity of the heat transfer 
over the surface make the interpretation of those results ques- 
tionable. 

Another method of test is to measure the skin temperature 
versus time during the flight of a large supersonic rocket. The 
large size reduces the lengthwise heat conduction so that tem- 
perature at one spot should be dependent only on the heat- 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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transfer conditions at that spot, without serious error from heat 
conduction from other parts of the rocket having different tem- 
peratures. The method of evaluating the convective heat 
transfer from the measured temperature data is explained later. 

A flight test of a V-2 (German A-4) rocket was made at White 
Sands Proving Ground, New Mexico, on October 9, 1947, for 
the specific purpose of obtaining skin-temperature measurements 
on a nose of appropriate configuration. Skin-temperature meas- 
urements have been made on V-2 rockets on other occasions, 
but for other purposes requiring less accuracy. 

For the present purpose, in order to obtain even fair accuracy 
in the heat-transfer coefficient, relatively high accuracy of the 
skin-temperature measurements was desired. The reason for 
this is that not only the temperature itself is needed but also its 
time rate of change. This rate is not uniform but varies widely 
with time. Furthermore, there are many other sources of error, 
as explained later, which limit the accuracy of the evaluation of 
the convective heat-transfer correlation. The present method 
was expected to be sufficiently accurate, however, for the follow- 
ing purposes: 


(a) To indicate whether the boundary layer was laminar or 
turbulent. 

-(b) To indicate whether there was any serious error in the heat- 
transfer theory for laminar layers. 

(c) To justify for turbulent layers some decision as to what 
temperature basis to use for evaluation of the air properties when 
applying to supersonic speeds the subsonic correlation for con- 
vective heat transfer. It was recognized that such a decision 
would be only approximate and tentative. 


THEORETICAL CORRELATIONS 


Forelaminar boundary layers, most of the theoretical analyses 
have been for flat plates, not cones.. However, these analy- 
ses can be adjusted so as to apply to cones. The relation for this 
purpose has been shown theoretically (8) to be valid for super- 
sonic as well as subsonic velocities. It is also necessary in the case 
of cones to consider, in place of the ambient temperature, the 
local static temperature 7’, and velocity V; of the air (relative to 
the cone surface) at a point close to the cone just outside the 
boundary layer. 

Among the various forms of the theoretical heat-transfer cor- 
relation for'a flat plate with laminar layers at supersonic speed, 
the form most convenient, for comparison with test results is the 
one presented by Johnson and Rubesin (6). For the present 
purposes, their correlation has been modified slightly, in the 
interest of simplicity, by using 7’, instead of 7'v, for evaluating 
Cp and Cpu/k (the Prandtl number); the difference in the results 
is negligible for the present tests. When adjusted, as just ex- 
plained, so as to apply to a cone, the resulting correlation can be 
written in the form 


h, Cy Mm Me ( Viz\~*/2 
La ee = 0.575 | ——] __.........8 1 
(ay = k’ ) b UY 


where the primed quantities are evaluated at the following tem- 
perature . 


T’ = 0.42 T; (1 + 0.076 M,?) + 0.58 Tu........ [2] 


For turbulent boundary layer on flat plates, no theoretical 
solution for either heat transfer or friction is available for super- 
sonic speeds. Thus in the absence of any conclusive test evi- 
dence, it is not unreasonable to consider whether the usual semi- 
empirical correlation for subsonic flow over flat plates (7) will 
remain valid at supersonic speeds. This relation can be written 
in the form 


( Is yz)" ey Gooy py ia 
oi k 2 


where (C,), can be evaluated from a relation (15) involving lo 
R(C;)z. An approximation to this relation, which is very close 
for Reynolds number from 100,000 to 4,000,000 and only a little 
too low for still higher values is 


V. +0.2 
(Cp)z = 0.056 (4) en rat [4] 


Le 


the factor 0.070.in the analogous equation for the more customary 
quantity (Cy). Combination of Equations [3] and [4] yields 


2/4 —0.2 
( h, \(2) = 0,028 (=) iteetg- Gage [5] | | 
Cp P V k w | 


It can be seen from Equation [2] that the 7’ temperature is 
an intermediate temperature which gives 58 per cent weight to | 
the surface temperature 7’,,, and 42 per cent weight to a tem- 
perature about halfway between the local static temperature | 
T;, and the adiabatic-wall temperature, T'aaw. Therefore this 
T’ temperature seems a reasonable temperature to pick for a 
trial correlation of the turbulent-layer data as well. 

In applying the flat-plate correlation to cones, the local values 
T, and V; seem appropriate as in the case of the laminar layer. 
It remains uncertain whether the factor 0.056 of Equation [4] 
will require adjustment for the case of cones, but in the absence 
of evidence to the contrary, the correlation is here considered , 
without attempting any adjustment. 


EXPERIMENTAL EQUIPMENT 


The skin temperature versus time data were recorded on the | 
ground by means of a telemetering system. Such a system 
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consists of electronic equipment aboard the missile which auto- 


matically measures and transmits the data, by means of radio 
waves, to ground receivers which record these data on micro- 
film. The telemetering system (23) of the authors’ company, 
used in this flight, sampled each of its 27 channels 30 times per sec. 


General Arrangement of Temperature-Measurement Equipment. 


Temperature measurements were made at six locations on the 
skin of the missile. Four locations were on a special nosepiece, 


shown in Fig. 1, installed on an old-type NRL warhead (10). 
The other two locations were on the left door of the instrument 
section of the missile; one of them is shown in Fig. 2. 

Stations A, C, and G were located one behind another, respec- 
tively, 21/2 in., 6 in., and 12 in. from the tip of the nose cone. 
Station H was located 12 in. from the tip of the nose cone but 
diametrically opposite station G. Stations K and M were lo- 
cated at 84.4 in. and 121.4 in., respectively, from the tip of the 
nose cone. Distance to all stations was measured along the skin. 

The special nose cone was constructed with a total included 
angle of 45 deg. The first */, in. of the cone, measured axially, 
was machined from solid stainless steel. A support ring was 
located 4 in. from the tip, also measured axially. The fip and 
ring were supported by brackets from a 1-in. axial tube. Supports 
were designed to minimize heat conduction. The section be- 
tween the tip piece and the support ring together with a half- 
circular part. of the remainder of the cone was formed of a single 
piece of 1/3; in. nominal thickness type 302 stainless-steel sheet. 


Fic. 2. Ovursipp or INSTRUMENT-SECTION Door, SHOWING STATION 
K Sxin Insert anp Door-Tor Epen Farrine StRipP 
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Stations A, C, and G@ were on the line of symmetry of this 
sheet. The other half of the base section was formed from a 
1/1-in. nominal thickness type 302 stainless-steel sheet. The 
base of the cone was machined from steel stock. 

The instrument-section door stations were constructed by 
modifying the original door. The modification consisted of cut- 
ting out rectangular sections of the skin and replacing them with 
5-in. (axially) X 7-in. type 302 stainless-steel inserts 1/32 in. 
thick. Steel strips approximately */, in. wide and */32 in. thick 
were spot-welded to the inner surface of the door around the 
opening, forming a lip to support the stainless-steel insert. The 
insert was then spot-welded to the strip, making the outside sur- 
face of the insert flush with the outside surface of the original 
skin. 

To minimize radiation effects, particularly at the high skin 
temperatures, the stainless-steel nose cone and instrument- 
section door inserts,were polished to a mirror finish. Next, 
they were plated with 0.5 mil of nickel, followed by 0.1 mil of 
rhodium. Light .buffing of the rhodium surface completed the 
operation. Rhodium was used because its emissivity remained 
unchanged (judged by appearance of the surface) when exposed 
to air at a temperature over 700 F for 6 hr. The nose cone, as 
well as the inserts, were polished shortly before the launching. 

Thicknesses, including the plating, at the various stations were 
as follows: 
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0.0295 in. 0.0294 in. 0.0300 in. 
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Fig. 3 Ovureut Vouts Versus TEMPERATURE AT A TYPICAL STATION 
(Ranges of a, 8, and y bridges are shown.) 
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Temperature-Sensing Elements. The temperature-sensing ele- 
ments were Western Electric ‘“thermistor’’ beads (22), connected 
as one pair of bridge arms. The other two arms were fixed re- 
sistances. By proper choice of the resistances and the size and 
number of beads installed, such a bridge was made to balance at 
any selected temperature. Over a range near the balance 
point, the output versus temperature relation was V-shaped 
with almost linear response on each side as shown in Figs. 3 and 
4. Usable output was 0 to 5 volts although the output reached 
14 volts for conditions of very large unbalance. 

The bridges were selected to provide three temperature ranges, 
thereby providing higher accuracy over the entire range covered. 
The nominal balance points of these were alpha bridge 120 F, 
beta bridge 300 F, and gamma bridge 570 F. 

The alternating-current input to the bridges was supplied by 
the 10-volt 10-kc regulated generator contained in the telemeter- 
ing system. The bridge elements and voltages were selected to 
reduce to a negligible amount the heating of the thermistors by 
the arm current. The design criterion was a maximum tempera- 
ture rise of 2.5 deg F based on the power at the point of 
crossover from one bridge to another. 

The ratio-arm resistors, transformers, and output circuits 
were mounted remotely from the temperature-sensing beads in- 
side of metal containers. Attention was paid to shielding and 
elimination of common leads in consideration of the 10-ke fre- 
quency. : 

Mounting of Thermistor Beads. The thermistor beads were 
embedded in the stainless-steel skin to reduce the thermal time 
lag of response. This was accomplished by engraving to a depth 
of 20 mils either a trough or a wedge-shaped groove whose nominal 
dimensions were 0.042 in. X 0.075 in., and 0.020 in. X 0.040 in., 
respectively. One bead was mounted in each engraved hole, the 
larger holes being used for the beads of the gamma bridges. A 
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typical station consisted of 16 beads, of which two were for the 
gamma bridge (type No. V668 0.040 in. diam), eight were for the 
beta bridge (type No. D170575 0.015 in. diam), and six were for 
the alpha bridge (type No. D170575 0.015 in. diam). All beads 
at a particular station were the same distance from the tip of 
the missile. 

Prior to mounting the beads, the engraved area of the skin was. 
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coated with a layer of cement (type GE-2155, sodium silicate 
base) approximately 2 mils thick. This was found to be necessary 
to avoid danger of short circuits from the bead leads to the skin. 

After the skin insulation had set, the beads were placed in the 
grooves and troughs and cemented in place by means of a layer 
of the same cement. Figs. 5 and 6 show the details of a typical 
installation. The delicate 1-mil leads were embedded in the ce- 
ment to prevent later damage from vibration. During assembly, 
_ in the effort to hold these leads in place, this second cement layer 
unfortunately was allowed to reach an average thickness of 
about 20 mils. The undesirability of so thick a layer was not 
appreciated until too late, after all the beads had been 
cemented. Lack of time before the scheduled flight date 
prevented a second attempt. 
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Advantages of Thermistors. Thermistors were chosen as the 
temperature-sensing elements primarily because of the rela- 
tively high voltage output of the thermistor bridge circuit, which 
allows input directly to the telemetering system without the use 
of intermediate amplification, thereby providing a desirably 
stable system. A second outstanding advantage of the ther- 
mistors is the ease with which the sensitivity of response (volts 
per degree) and the nominal range can be adjusted to desirable 
values, see Fig. 4. 

Furthermore, the size of the thermistor is small, thus allowing 
local readings to be obtained easily. It is recognized that the 
thermal-insulating property of the electrical-insulating cement 


Calibration Provisions for Thermal Equipment. To allow E d= a STAUION SYMBOL GAS 
for calibration of the bridges, each station was fitted with. o 1 @ 
two thermocouples. These couples were mounted inline 9 |= % 
with the thermistor beads; one couple at each end of ~ 4 ees 
the line. The couples were constructed by spot-welding ta ~ 
a 5-mil iron-copnic junction to the inside surface of the 2 oo? 
stainless-steel skin. These leads were 1/2 in. in length . a: i 
and were silver-soldered to the longer 20-mil iron-copnic . |” & 
leads. mi AS 
A conical oven for heating the nose cone was con- 2 | Sale 
structed, using distributed coils of Calrod, arranged in 8 ~~ 
three circuits to provide more uniform temperature dis- 7 = 2:10 510° 108 510° 107 5:10" 
tribution. REYNOLDS NUMBER, R Ree) or (CV % ) 
Electrical hot-plate elements were used in an oven con- 7! ae i Lala 
structed for heating stations K and M. A !/s-in-thick 
copper plate was mounted between the heater element Fig. 8 Comparison or Locau HeEat-Transrper Factor VERSUS 


and the door to secure a more even distribution of heat 
across the thermistor location. 
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between the thermistor bead and the skin introduces some uncer- 
tainty. While use of a thermocouple could eliminate need for 
insulation, its output is a very small direct-current voltage, thus 
requiring use of a direct-current amplifier ‘‘ahead”’ of the tele- 
metering equipment. In addition, the fact that a thermocouple 
is grounded is undesirable. 


EVALUATION OF CORRELATIONS FoR LocaL Convective Herat 
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In the dimensionless correlations of the test results presented 
in Figs. 7, 8, 9, and 10, the various factors were evaluated as fol- 
lows: 

The atmospheric temperature 7’am, was evaluated from Fig. 11, 
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using the solid curve except where specified otherwise. This 
solid curve was chosen to represent a reasonable compromise of 
the available data, also shown in Fig. 11, with realization that 
these data were not all equally significant. The pressure values 
corresponding to this solid line, calculated by means of the “hyp- 
sometric equation” (12), are shown as the solid curve in Fig. 12. 
These pressure values were used for evaluation of pam. Fig. 
12 shows also the significance of the data of absolute pressure 
on the nose-cone tap shown in Fig. 13. 

The quantities 7, p1, Mi, o:1, and V;, were evaluated for con- 
ditions of the air immediately outside of the boundary layer at 
the station considered. For the stations on the nose cone, these 
quantities were evaluated from Tam, Pam, Mo, and Vo, by Ane 
ing the theoretical relations based upon Taylor and Mac- 
coll’s solution (9) for supersonic flow over a cone at zero angle of 
attack. For the stations K and M, which were farther aft on the 
part of the nose having an ogival profile, the local pressure values 
pi, were evaluated from the German wind-tunnel test results 
(20) for the model of the V-2 rocket. The values of local static 
temperature 7, were then evaluated as the temperatures cor- 
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responding to an isentropic change to the local pressure pi, from 
the ambient pressure pam, after the nonisentropic change through 
the shock wave from the nose tip was appropriately accounted 
for. The quantities V; and Mi were evaluated in a similar man- 


ner. 
The properties c,’, p’, u’, and k’ were evaluated from reference 


(17) for the temperature 7’, defined by Equation [2]. The 
coefficient hz was evaluated from 
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where the constants are, respectively 


° 
= 
Il 


0.12 Btu/ (Ib) (deg F) 

5 equivalent skin thickness (discussed in next section) 
496 lb per cu ft 

€ = 0.25 (discussed later) 
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The adiabatic-wall temperature Taaw, was evaluated from the 


relation 
n 2 
Toe = Te (* ) ( a ) i te [71 
ky 2 g J (Gas 

where 

n = 1/, for a laminar boundary layer (by references 6 and 

13) 
n = 1/3 for a turbulent boundary layer (by reference 13) 


(cp)avg = difference in enthalpy (by reference 17) between T'saw 
and 7), divided by (Taaw — 1). 


For the correlation in both Figs. 7 and 8, the choice of n was 
made as follows: The value !/2 was used if the test point proved, 
upon trial, to be closer to the correlation line for the laminar- 
layer theory than it was to the line for the turbulent layer; the 
value 1/3; was used if it lay closer to the turbulent-layer correla- 
tion. ; 

Composite time-temperature plots of the stations are shown 
in Figs. 13(a) and 13(b). These figures show the points for each 
bridge at each station. The faired curves were used to evaluate 
both T,,anddT,,/dt. . 

Missile altitude and velocity versus time were evaluated from 
Fig. 14. i 

Equivalent Thickness of Skin. In order to allow for the thermal 
capacity of the cement, the effective thickness 6,,, of the skin was 
evaluated as follows 


where the constants are, respectively, 


6, = tabulated elsewhere in this paper 
6, = estimated as 0.022 in. (0.00183 ft) 
¢, = 0.20 Btu/ (lb) (deg F) 

c, = 0.12 Btu/(b) (deg F) 

p, = 119]b per cuft 


p, = 496 lb per cu ft 


The second term of the Equation [8] thereby contributed 8.8 


mils to the equivalent thickness. 


a 
ACCURACY OF RESULTS 


Experimental Temperature Data. For the alpha and beta 
bridges, covering temperatures to 550 F, it has been estimated 
that the probable errors in the measurement of the temperature 


are as follows: 


Deg F 
@aliorationn tekstas eet el: seen eee ete e ees 6 
Allowance for hysteresis of thermistors.........-.... eee nS 10 
Telemetry error per bridge (1 per cent)...............4+- 2 
Reading error per bridge (1 per cent)...........--+....-- G 


Rms error from foregoing sources. .......-.-..+++20++00: 


The random scatter of the plotted temperature results in Fig. 
13 is satisfactorily small, well within this estimated error, with 
the following exceptions: For station M at about 200 F, where 
the crossover from the alpha to the beta bridge occurred, there 
is an inconsistency of about 30 deg F between theeresults from 
the two bridges. For station K, which had only one bridge, there 
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is irregular scatter at about 300 F. Inspection of the calibration 
of station K showed considerable inconsistency between repeated 
calibrations around this temperature. Therefore results for 
station K for times greater than 52 sec have not been included 
in Fig. 7, although at the lower temperatures they are reasonably 
consistent with those for station M.  - 

The temperature for the crossover from the beta to the less 
accurate gamma bridge was 550 F. Thus it was not necessary 
to use the gamma bridge except for station A points beyond 59 
sec, where the temperature appreciably exceeded 550 F. 

Sources of Error in Correlation. In the evaluation of the di- 
mensionless correlation from the measured skin temperatures, 
several additional sources of error deserve comment. 

One source is the uncertainty in the atmospheric temperature 
and pressure. Fortunately, the effect of the temperature uncer- 
tainty proves to be relatively negligible, provided the pressure 
is assumed fixed. For example, even an error of 50 deg F in at- 
mospheric temperature, which is more than seems reasonable, 
can be shown to produce a change of not more than 4 per cent 
in either the ordinate or abscissa of Fig. 7. 

The probable error in pressure might well be £5 per cent or pos- 
sibly +10 percent. Any error in pressure producesa proportional 
error on both the ordinate and abscissa of Fig. 7, or Fig. 8, if the 
temperature is fixed. The effect on any discrepancy between a 
test point and the correlation line is less than this, however, since 
an increase in pressure moves a test point both downward and to 
the right, in a direction nearly parallel to the correlation line. 

The error from uncertainty in the assumed value of 0.25 
for the emissivity e in Equation [6] is small. If, as extreme 
values, it were assumed to be 0.50 or 0.00, it would change the 
heat-transfer results by not more than +7 per cent, for the 62.5- 
sec points. Furthermore, the amount decreases rapidly with 
decreasing time from takeoff. 

Another source of error is in the determination of the slope 
of the time versus temperature curve at each station. Although 
much care was exercised in drawing the tangents to the time 
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versus temperature curve, it is estimated that the error in the 
evaluation of the slopes (d7’,,/dt) is of the order of +5 per cent. 
The probable error in the estimate of the cement thickness 
is estimated as of the order of +7 mils. This uncertainty corre- 
sponds to 3 mils in the equivalent steel thickness, or about 10 per 
cent for stations A, C, G, K, and M, and 5 per cent for station H. 
The magnitude of the effect on the correlations produced by 
nonuniformity of skin temperature upstream from any particu- 
lar station is not known. Most of the skin area upstream from 
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stations C, G, and H is likely to have been more uniform in tem- 
perature than for stations A, K, and M, however. The correla- 
tions for C, G, and H do seem the best of the six. 

The time-lag effects of the skin temperature versus time data 
will be discussed later. 

Temperature Nonuniformity in the Cement. One of the as- 
sumptions used to justify Equation [6] is that the thermal capac- 
ity of the cement can be considered as lumped with that of the 

“steel, thus assuming negligible nonuniformity of temperature 
through the cement. 

An approximate anaysis indicates that the nonuniformity was 
of such a magnitude that the temperature halfway through the 
cement lags behind the steel temperature by about 1/3 sec. Even 
at the maximum rate of temperature rise, this corresponds to 
only about 8 deg F. The thermistor element is much closer to 
the steel than this mid-point of the cement layer, so the error 

_ from the nonuniformity is considered relatively negligible com- 
pared to the other errors already discussed. 

Over-All Accuracy. The probable absolute error from all the 
toregoing sources is estimated as of the order of +15 per cent on 
the average. However, cumulative errors for any one point 
might well raise the error for that point to +25 per cent in some 
cases. : 


RESULTS 


The results are presented in two different dimensionless cor- 
relation forms in Figs. 7, 8,9,and 10. The significant features of 
the results are discussed in the next section. These results 
cover a range of free-stream Mach numbers from 1.40 to 4.83. 
This corresponds to local Mach numbers, just outside the bound- 
ary layer, of 1.0 to 3.1 for the nose-cone stations, and 1.3 to 4.2 
for stations K and M, respectively. 


CONCLUSIONS 


The results of the correlation as plotted in Fig. 7 indicate 
the existence of three distinct conditions of the boundary layer, 
namely, laminar Jayer, transition, and turbulent layer. The 
results for these conditions will be discussed in turn. 

Laminar Layer. The existence of a laminar boundary layer is 
clearly evident for stations A, C, G, for the period from 48 to 
about 61 sec. The plotted points for all three stations could be 
approximated by a single curve about parallel to the theoretical 
line for a laminar layer, but about 17 per cent above it. This 
discrepancy does not seem unreasonable compared to the proba- 
ble test accuracy of about +15 per cent. The 62.5-sec point for 
stations C and G, and the points for 60, 61, and 62.5 sec for station 
A all drop considerably below the theoretical line. For station A, 
the three points concerned had to be obtained from the gamma 
bridge which is believed to give less accuracy than the beta bridge, 
since the calibration, Fig. 3, showed an unusual and unexplaina- 
ble scatter above 575 F. For stations C and G, the 62.5-sec 
point was at the end of the range of the beta bridge where the 
accuracy is considerably reduced. 

The “hump” of the test points near 56 sec is perhaps attributa- 
ble to an accidental change of 39 deg in the direction of the 
rocket’s flight which occurred between 49 and 59 sec, and to a 
slow roll of 0.55 revolutions per sec, which began at 56 sec. The 
average angle of attack aerodynamically required for this change 
of direction has been calculated, and its calculated effect on the 
heat transfer is of an order of magnitude which could account for 
the hump. 

Transition. For the “smooth” conical surface, i.e., stations 
A, C, and G, the location, and the rapid drop, of the j-values be- 
tween the 40-sec and the 48-sec readings strongly indicate a transi- 
tion from turbulent to laminar boundary layer. 

Furthermore, this nearly simultaneous occurrence of transition 


; 465 


at three widely different Reynolds numbers seems significantly 
consistent with the recent theory (11) whereby combinations of 
Mach number and surface-temperature conditions, not Reynolds 
number, determine the stability of the boundary layer when 
the Mach number is considerably above sonic. Fig. 7 of ref- 
erence (11) shows, as a function of surface temperature, the 
particular Mach number above which a laminar layer becomes 
theoretically stable for very high (and even infinite) Reynolds 
number. This Mach number when evaluated for station A, C, — 
or G, is found to be approximately 1.5, which corresponds quite 
closely to the local Mach number Mh, at the 37-sec point where 
transition seems to have begun. 

The results for station H, which was preceded by a turbulence 
promoter, show no significant evidence of a transition until much 
later—near 62 sec. Since station G definitely did show early 
transition, evidently the turbulence promoter performed as in- 
tended in spite of the theoretical stability of a laminar layer. 

An unexpected feature of the transition data is that partial 
transition is not confined, at any one instant (for example, the 
44-see point), to a small region on the cone, but exists simul- 
taneously at all three stations (A, C,and@). Perhaps the bound- 
ary layer, over a large area, pulsates between a turbulent condi- 
tion and a laminar condition. 

Turbulent Layer. In spite of the relative smoothness of the 
surface at stations A, C, and G, apparently a turbulent layer 
existed at the beginning of the test period, i.e., at 30 sec after 
take-off. This is indicated by the approximate consistency be- 
tween the results, at the higher Reynolds numbers, for these 
three stations and those for stations H and M; in particular, in 
the interval of 30 to 36 sec for A, and from 30 to 40 seconds for 
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For the stations H and M, each of which is aft of a transverse 
ridge, the turbulent nature of the boundary layer is indicated, as 
expected, by the trend of the results. It had been hoped that the 
supersonic results represented by these tests would follow the 
subsonic correlation for a flat plate with a turbulent boundary 
layer. The major uncertainty lay in the choice of the temperature 
basis for evaluation of the air properties. Comparison of the two 
sets of test points in Fig. 8, representing two considerably differ- 
ent temperature bases, appears to justify the following con- 
clusions: 

1 On the 7’ basis of correlation, the trend of the test points 
from both station H and station M is the same; the points lie 
approximately along the straight line which represents the sub- 
sonic correlation, except for the last few seconds of the test 
period. During these last seconds the boundary layer may have 
begun to become laminar, and also the accuracy is reduced. Al- 
though there is appreciable scatter, probably attributable to limi- 
tations of test accuracy, the consistent trend of the points covers 
an unusually large range of Reynolds numbers and therefore 
may be considered reasonably significant, although not satis- 
factorily conclusive. 

2 When correlated on the basis of the local static temperature 
T, (just outside the boundary layer), however, comparison of the 
test points with the curve for subsonic conditions seems even less 
conclusive. The points for station M drop off toward the laminar- 
layer line earlier in the flight, and more gradually, than those for 
station H, in spite of the much higher Reynolds number at sta- 
tion M. This drop might be ascribable to less effect of the turbu- 
lence promotion at station M than at station H, which in turn 
might result in earlier transition at M, but if so, the transition 
seems surprisingly gradual. Unfortunately, the test points previ- 
ous to this possible transition seem also to be inconclusive. This 
is because in this region the difference between the corresponding 
points for the 7” and the 7’, bases is small—of the same order of 
magnitude as the test accuracy. 
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3. The slope of the subsonic turbulent-correlation curve seems 
about right for the 7” basis, but apparently a little too flat for the 
T, basis. The coefficient-0.056 in Equation [4], which represents 
this curve, also seems about right for the 7’ basis, but a little too 
high for the 7 basis, if the slope remains unchanged. 
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4 The practical question remains as to what basis should be 
used for engineering estimates until more conclusive test results 
become available. In the authors’ judgment, the 7’ basis is the 
more probable of the two. It seems safe to consider the 7, basis 
as one limit to the range of uncertainty of the j-values. 

5 The surface temperature 7’, was also considered as a pos- 
sible basis of correlation. It was found to give about the same 
correlation as 7’, since it just so happened in this particular 
flight that 7’, lay fairly close to 7’ for the test points most sig- 
nificant for the comparison of the alternative temperature bases. 
This is indicated in Fig. 15. 

The Eber Correlation. The empirical correlation proposed by 
Eber (1) deserves comment, since, heretofore, it has been widely 
used. When expressed for a cone in terms of h, instead of h,,, it 


becomes : 
a V, 2 \o-8 
2” _ 9.00974 (° : 2) ig hein Si (9] 


vadw Madw 


=> 


In comparing this relation with the present test results, it is 
helpful to consider first only those test points which seem, from 
Fig. 7, to indicate clearly a laminar-layer condition, namely, 
the points for station A, C, and G@ for 50 to 60 sec, inclusive. 
These points are compared with Eber’s correlation in Fig.. 9. 
Not only is the line of Eber’s correlation too high, but its slope 
is clearly much steeper than the trend of these test points. 
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For the turbulent layer it seems appropriate, judging from 
Fig. 7, to ignore test points which clearly seem to be for transition 
or laminar layer, and therefore to consider only the test points 
for station H, K, and M, and the 30 to 40-see points for stations 
A, C, and G, These are compared with Eber’s correlation in 
Fig. 10. It is evident that the test points for stations H and the 
selected points for stations A, C, and G are consistently above 
the Eber line, by the order of 40 per cent, while the points for 
stations K and M also start above the Eber line, but decrease 
more rapidly with Reynolds number, probably thus indicating 
gradual transition toward the laminar condition. 

The test results here reported appear to satisfy the limited | 
objectives listed in the introduction of this paper. 

Need remains, however, for further research to provide more | 


accurate test data with turbulent layers, and to establish experi- |f 


mentally the criteria for transition, including the effect thereon _ 
of pressure gradient which was believed negligible in the tests 
here reported. For laminar layers, the authors know of no | 
reason to doubt the validity of the theoretical correlation even 
though the present confirmation was limited in accuracy. 
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: Discussion 

H. A. Jounson.’ It is mentioned in the paper that skin tem- 
peratures have been measured on V-2 rockets on occasions other 
than the particular flight reported in the paper. The results of 
: these other measurements 
would be of considerable in- 
terest, even though the ac- 
curacy may be limited. - It 
is hoped that the authors 
can supply these results in 
their closure. 


DATA EVALUATED 
ONeT -BASISy= = 


AUTHORS’ CLOSURE 


In accordance with Profes- 
sor Johnson’s suggestions, 
additional figures (Figs. 16— 
18), are supplied with this 
closure to provide the desired 
data on other rockets and to . 
facilitate interpretations of 
their significance. 

Figs. 16 and 17 show the 
results of correlation of skin- 
temperature data from these 
other rockets on the basis of 
intermediate temperature 7”, 
and on the basis of local 
static temperature 7, (just 
outside the boundary layer), 
respectively. Information on 
these rockets is as follows: 

V-2 No. 21: Temperatures 
were measured at two sta- 
tions'on the nose cone, one 
on a 0.091-in-thick aluminum 
skin section, the other on a 
0.102-in-thick steel skin sec- 
tion, at 18 in. and 32 in. from 
the apex, respectively. (24)¢ 
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5 General Electric Company, 
Schenectady, N. Y. 

6 Bibliography at end of clo- 
sure. 
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Fig. 17 


V-2 No. 12: Temperature was measured at one station where 
the steel wall was 0.020 in. thick. This station was 109 in. from 
the apex and had two different types of temperature-sensing 

‘elements. For details see reference (10) of the paper and (24) 
of this closure. 

Wac Corporal No. 26: Temperature was measured at one 
station on the 0.076-in-thick aluminum nose cone 30 in. aft of the 
apex. For details see reference (25) of this closure. 

It seems evident from comparisons between Fig. 16 and 17 
herewith, and of these in turn with Fig. 7 and Fig. 8 of the paper, 
that the 7’ basis gives a more consistent correlation than the 
T, basis, particularly for points which seem to represent turbulent- 
layer conditions. Comparison of the two sets of test points 
for V-2 No. 21 provide particularly significant evidence, since 
station 2 was somewhat aft of a joint on the skin which was likely 
to promote turbulence, whereas station 1 was preceded by no 
appreciable roughness (except that the very tip of the nose was 
cut off blunt). Accordingly, where they differ from each other, 
the points for station 2 and the points for station 1 might be 

* expected to follow the correlation curves for turbulent layer, and 
laminar layer, respectively. In Fig. 16, this expectation is con- 
firmed fairly well, whereas Fig. 17 shows seemingly erratic devia- 
tions between the two sets of points. 

Furthermore, the range of scatter of all the test points in 
Fig. 16 seems less than the scatter in Fig. 17, and the points 
average somewhat higher and hence closer to the turbulent- 
layer test-point results in Fig. 7 and Fig. 8 of the paper. The 


10° 40® 10° 
g AVX 
REYNOLDS NUMBER, R= —j>— 


Loca, Hrat-TRANSFER Factor Versus Reynotps NUMBER FOR OTHER Rockets; Dara EVALUATED ON 7; Basis 


JULY, 1949} 


o 


DATA EVALUATED 
ON T, ‘BASIS. 


scatter which is present even in Fig. 16, and which seems worst for 
V-2 No 12, probably is not unreasonable in consideration of 
the limitations of test accuracy. 

Additional comment seems warranted also for the wall tempera- 
ture T,, basis. Fig. 18, herewith, shows the test results on this 
basis for V-2 No. 19 and V-2 No. 27. The results for the other 
rockets would show little or no significant difference between the 
T,, basis and the T” basis, so no separate plot of them on the 7’, 
basis is presented. 

Comparison of Fig. 7 and Fig. 8 of the paper, with Fig. 18 
seems to warrant the following remarks: 


1 The differences between the results on the 7, basis and 
those on the 7” basis are not large enough to be conclusive, but 
some of them seem to have some significance, as will be explained. 

2 Those points for station M which seem to represent condi- 
tions of boundary-layer transition show a distinctly steeper slope 
on the T,, basis, and therefore become more consistent with the 
corresponding test points for stations A, C, and G. 

3 Many of the test points for station H, which are appreciably 
above the upper correlation line on the 7” basis, are lower on the 
T,, basis so that the trend for all the station H-points approxi- 
mates that correlation line quite well. 


There are also some theoretical grounds (26) which seem to 
favor the 7’, basis for the correlations for the turbulent-layer 
conditions. 


On the whole, therefore, the limited evidence now available 
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seems slightly—by no means conclusively—in favor of the 
T,, basis in preference to the 7’ basis for the turbulent-layer 
heat-transfer correlation. Both the 7, basis and the 7’ basis 
seem preferable to the 7’; basis. 
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oHaaran of Performance Characteristics of 
Domestic-Stoker Coals With Their Chemical 


and Petrographic Composition 


By R. J. HELFINSTINE? anv G. H. CADY,? URBANA, ILL. 


There is a definite need for information about the 
value of chemical and petrographic analyses in predicting 
the behavior of stoker coals in domestic stokers. In order 
to obtain this information in our Illinois studies, per- 
formance characteristics of a large number of coals were 
determined and correlated with the various items of the 
proximate and ultimate analyses, heating value, varieties 
of sulphur, ash analysis, ash-fusion temperatures, free- 
swelling index, petrographic analysis, and Gieseler plas- 
ticity. A brief report on the results, including some 
graphs of the more useful correlations, are given. 


INTRODUCTION 


NE of the most urgent needs in the field of coal com- 

bustion is the ability to predict the performance of a coal 

from knowledge gained from small-scale tests. Nu- 
merous types of analysesand tests are conducted on coal, including 
the proximate and ultimate analyses, heating value, varieties of 
sulphur, ash analysis, ash-fusion temperatures, free-swelling index, 
petrographic analysis, and Gieseler plasticity. The Illinois 
State Geological Survey has made an intensive study of the 
value of these tests for judging the performance characteristics 
of the coal as actually utilized. To date, three reports (1, 2, 3, )* 
have been issued, and another is being prepared. The present 
paper briefly summarizes some of the results found in the studies. 


EquieMEentT UsEepD For TESTS 


The equipment used for the tests is described in some detail 
in the publications mentioned. Briefly, it consisted of a domestic 
stoker, cast-iron boiler, and water-cooled heat exchanger, which 
were operated as a forced-circulation hot-water system. The 
entire unit was mounted on scales. 

Instruments for recording the performance of the coal included 
a hot-water meter to indicate the quantity of water flowing 
through the boiler; a two-pen, mercury-actuated thermometer 
to record the temperatures of the water entering and leaving 
the boiler; a chemical-type meter to record the percentage of 
CO, in the stack gases; a pressure gage to record the static pres- 
sure in the stoker air duct; and a multipoint potentiometer to 
record the temperatures in the stack and room, and the opacity 
of the stack gases. A 16-mm motion-picture camera was availa- 
ble for taking pictures of either the fuel bed or the scale dial. 


1 Published by permission of the Chief, Illinois State Geologica! 
Survey. : 

2 Mechanical Engineer, Illinois State Geological Survey. 

3 Senior Geologist and Head of Coal Division, Ilinois State Geo- 
logical Survey. ae 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. , : 

Presented at the ASME-AIME Coal Conference, White Sulphur 
Springs, West Va., November 3-4, 1948. : 

Nots: Statements and opinions advanced in papers are to be 
understood .as individual expressions of their authors and not those 
of the Society. Paper No. 48—FU-1. 
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Trst PROCEDURE 


The tests described in this report can be conveniently divided 
into three phases. For the first phase, a load of 5 or 6 tons of 
unwashed coal (usually screenings) was obtained from fourteen 
Illinois mines. These coals were all crushed and screened to a 
size of 1/, in. (square hole) by 8 mesh. Combustion tests were 
made on a part of this raw screened coal. Another portion was 
passed over a concentrating table to reduce the ash to what was 
considered to be commercially reasonable, and combustion tests 
were made on this upgraded coal. The ash content of the re- 
maining coal was reduced to a still lower figure by passing it over 
the washing table with greater reject, or by standard float-sink 
procedure. This cleaned fraction was then tested in the stoker- 
boiler unit. Thus three coals with varying ash content were 
tested from each mine. 

For the next phase reported herein, coals were obtained from 
four Arkansas mines and tested as received and after passing over 
the concentrating table with a normal reject. One [Illinois 
coal was tested in the ‘‘washed”’ condition only. 

The last phase included tests on commercially prepared stoker 
coals from Illinois and several other states, and from numerous 
coal seams. If feasible, they were obtained directly from the 
mine; if not, they were obtained from a retail coal dealer. There 
is a possibility of improper identification of the coals obtained in 
this latter manner, but all reasonable precautions were taken. 
Table 1 gives information about the source of coals tested in the 
second and third phase. A previous report (2) gives similar 
information about the first phase. 


TABLE 1 SOURCE OF Tar mate timer le AND THIRD PHASE 


State County Seam 

Tikinoiss) Pats oe, ie Pee Fee, Douglas No. 7 

TUL O18). 6is sere ne rcssct es panes aeuao cre eeeee Grundy No. 2 

TITS OSs: Merhie aes Mts aarutee a yerees ee Franklin No. 6 

Tilimoisis er) Backree eo. Sees ers Fulton No. 5 

UG REh eos 1 Prevent Rees Rca Ate tea | Oren eee Knox No. 6 

Tintoig a. A as ees cee es ee Grundy No. 7 

WE O88 oe itt veh ae cease ae Christian No. 6 

Timoise tee he ae ie Meee Saline No. 5 

Tlinois Ae AG ae eed. Sere Saline No. 6 

HONG Ratost= ee ne a oo via Randolph No. 6 

Wilinoise lt aay ee ee Jackson ‘No. 6 

DlnOIs esate Viger be 58 oc Bureau No. 6 

Tiimoisn ae o eC oe cot tet St. Clair No. 6 

Arkampasis,, it sas leet ele em tee er Sebastian Hartshorne (2 samples) 

AY ansasiss ciate het ae *.... Johnson Hartshorne (Spadra) 

ATKANSAS) <4 hos cle ee ee Logan Paris 

Tadianatist boabecite 15 tte RAs sas Vigo No. 3 

Tmlaniea se occ entero eee Vigo No. 4 

Taidianad et G2 et Le eatery Gibson No. 5 

Tats CRY ioe oaeee eee neat eae enh eee eR Greene No. 6 

Tndiana ee ot ee eS aeeeaE Aone OR Greene No. 7 

budlianainesi: coteren meet cesbaecaatore Fountain Minshall 

MERCATOR rare ne eae hes sei Clay Brazil block 

Keenteckiyini tet : saereunitontar fier c Harlan Darby No. 5 

Kentucky.... - Cie Sa ee Ae ene oe Perry Hazard No. 4 

COME N eer nares entre nea Hopkins No. 11 

Krontielaa.s car teste ist ees tebe ace Hopkins No.6 

AKOULUCK Gir wetness ied Letcher Elkhorn 

MR ISSOLITIE TT Cll amiatehe es rhe ke Randolph Bevier 

TARO MERIC Sows Rati AG, Meee os casi sca Macon Mulky 

Wiest) VIrciniae seats se nee ann Marion Pittsburgh 

ANIQSA GN bb oar Ine Ween Cras Gaucho plo cade Op CUne Wyoming Beckley 

ANTS GE a hol erm cing: sont +n Ga cael eeereO McDowell Pocahontas No. 4 

NVGRE VAT OTS aei-ttene reer hk betdenas Webster Sewell 
Sheridan Monarch 


AYIGi/onrtihaaeihe b canis © Gadlere cour aiag Qe BD 
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The sample obtained is not considered as representative of the 
seam or even of the unnamed mine. Obviously, it was im- 
practical, and of no particular importance, to obtain a repre- 
sentative sample for this study. The coals were obtained from 
a large number of sources in order to have coals of widely varying 
characteristics. 

Considerable care was used in obtaining a representative 
sample of the coals as burned for chemical and petrographic 
analyses. Standard or proposed methods of the American 
Society for Testing Materials were used wherever they were 
applicable. 

The petrographic composition was obtained for only the Illinois 
coals in the first phase. Those listed in this report were made by 
microscopic examination of closely sized fractions. The analyst 
considered all vitrain bands less than 1/19 in. thick as part of the 
clarain. 

The combustion-testing schedule included five stoker-operation 
rates -varying from hold-fire to continuous. About 300 Ib of 
coal were burned during each of the operation rates, except hold- 
fire. No attention was, given to the fire during each of these 
tests with a fixed operation rate. 


CoMBUSTION-RATING CRITERIA 


There are many factors which govern the suitability of coals 
for domestic stokers,including the following: 


Amount of heat obtained per dollar. 

Attention required by heating plant. 

Ability to maintain the desired temperature in the home. 
Smoke emitted. 

Ability to maintain fire at low rates of operation. 
Cleanliness. 

Appearance of the fuel bed and fire, 

Odors given off by clinkers during their removal. 
Quietness of operation. 

Appearance of the coal. 
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The foregoing factors vary in relative importance, depending 
upon the heating system being used and also upon psoas prefer- 
ences of the operator. 

Objective measures of all of these factors would be highly 
desirable. Unfortunately, only the cost of heat can be deter- 
mined by generally recognized standard tests and this only 
under arbitrarily fixed conditions. While the cost of heat may 
be of major importance with large stoker-fired heating plants, 
it is considered to be of minor importance to many domestic- 
stoker owners. ; 

Some objective criteria of the first five of the factors listed were 
devised and determined for all the coals tested. The chief cri- 
terion of the attention required is considered to be the quantity 
of ash which can be obtained from the proximate analysis. The 
percentage of ash per million Btu is a more precise measure. 
Other criteria used were the density and friability of the clinker, 
and the relative amount of ash removed in the form of clinkers. 
A subjective clinker rating was also made. 

The ability of a heating plant to maintain the desired tempera- 
ture in a house will depend upon many other factors besides the 
coal being burned. However, certain performance characteris- 
tics of the coal are thought to be influential and were determined 
for all coals tested. These were the uniformity of heat release, 
ratio of the minimum and average rates of heat release with con- 
tinuous stoker operation, responsiveness of the fire after a pro- 
longed hold-fire period, the “pickup” after a relatively short 
‘off”’ period, and the rate of heat output after the stoker shutoff 
(called ‘‘overrun”’ in this paper). 

Although no discussion of smoke and hold-fire ability is given 
in this paper, objective data were obtained. Motion pictures 
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were taken of the fuel bed at fixed intervals, and a considerable 
quantity of color film showing this action is available for study. 


RESULTS 


Heat Obtained. The amount of heat obtained from each coal 


tested was very nearly directly proportional to the heating value | 
The solid line in this | 


of the coal, on the as-fired basis, Fig. 1. 
diagram appears to be the best single line to represent the points 
shown. All points falling within the dotted lines are within 5 
per cent of the value indicated by the solid line. 


The heat obtained from the coals tested was also nearly directly | 


proportional to the percentage of carbon as given in the ultimate 


analysis, Fig. 2. Most of the points are within 5 per cent of the | 


indicated line. 


o - 
s s - —] 
: poker ey aed 
oO 
: i hel ie ld 2 
Oo 
WwW 
Zz 
< 
oO 
ro} 
— 
4 
Ww 
x 
.0 
9,000 10,000 11,000 12,000 13,000 14,000 15,000 
- HEATING VALUE, B.7.U. PER LB. AS FIRED 
Fie. 1 ReuationsHip or Heat Ostainep PER Pounp or Coat To 
Heatine VALUE, ON THE As-FIrED Basis 
a inte 
a 
: ei 
Ww 
a 
: eee aoana 
= A 
o 
w 
z 
= 
oO 
oO 
i 
<q 
Ww 
x 
CARBON, AS-FIRED BASIS, PERCENT 
Fic. 2. RELATIONSHIP OF Heat OptarneD Per Pounp or Coat To: 


PERCENTAGE OF CaRBON, ON THE As-FirED Basis 


A fair correlation between the ash and heat obtained was. 
found, Fig. 3. This relationship is of particular interest because 
the percentage of ash is also a criterion of the attention required. 
Ash is not the sole diluent in coal, and as expected, a better 
correlation with the sum of néneombustibles is shown in Fig. 4. 

Numerous other items, and combination of items, gave good 
correlation with the heat obtained. However, none appears 
to be as useful as the relationships mentioned, particularly the 
one with heating value. 

Uniformity of Rate of Heat Release. None of the items included 
in the chemical or petrographic analyses gave a good correlation 
with the uniformity of rate of heat release. One of the better 
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12.0 


7.5 per cent. An unprepared coal from Wabash County, Illinois, 
burned with only 8.3 per cent variation, yet its ash content was 
20.8 per cent. 
10.0 Fig. 6 shows the correlation of the uniformity of rate of heat 
release and the maximum fluidity, in dial divisions per minute, 
as determined by the Gieseler test. Although the degree of cor- 
relation is probably poorer than that exhibited with ash, the 
Pittsburgh seam coal (abscissa of 6000) conforms to the general 
relationship shown. The Wabash County (Illinois) coal is not 
shown because no plastic properties were indicated by the Gieseler 
procedure. 

The coking characteristics of coals are usually thought to exert 
considerable influence upon the uniformity of combustion in. 
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Fic.7 RELATIONSHIP OF UNIFORMTIY OF Rate or Heat RELEASE TO 
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VARIATION FROM AVERAGE RATE 


domestic stokers. One of the best indicators of coking tendency. 
is thought to be the free-swelling index. However, Fig. 7 shows 
that the correlation is very low. Five coals with swelling indexes 


ASH, AS-FIRED BASIS, PERCENT 


Fic.5 Revavionsnrp or Unrrormtty or Ratz or Heat Retease to — of 8 or greater burned quite uniformly. 
PercentTaGce or AsH, on THE As-Firep Basis The banded ingredients were not determined for all of the coals 


burned because of lack of suitably trained analysts. Fig. 8 
correlations appeared to be with the percentage of ash, Fig. 5. shows the relationship between the uniformity of rate of heat 
The performance of several coals failed to follow the general release and vitrain for all coals analyzed. The general tendency 
trend of increasing variability in rate of heat release with an seems to be for more uniform combustion with the higher-vitrain 
increase in percentage of ash. One example of nonconformity coals. This may be a reflection of ash content, because the coals 
was the Pittsburgh seam coal from West Virginia which had with more vitrain usually had lower percentages of ash. 
about 17 per cent variation, although its ash content was only As stated, the percentage of vitrain reported did not include 
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Fie. 9 ReLATIONSHIP OF RESPONSIVENESS OF FirrE Arrer PRo- 
LONGED Houp-Fire Preriop TO PERCENTAGE OF VOLATILE MATTER 
on THE As-FirEeD Basis 


any bands less than 0.1 in. in thickness. The coals with “bright” 
clarain might have considerably more vitrain than reported, if no 
limit were placed upon the thickness of the bands. Therefore 
the correlations with the banded ingredients are considered to be 
incomplete. It is hoped that further investigations can be made. 

Responsiveness of Fire to Heat Demands. No useful correlation 
was found between any of the chemical or petrographic tests and 
the responsiveness of the fire after a prolonged hold-fire period. 
The relationship of responsiveness and volatile matter is shown 
in Fig. 9. The widely scattered points were typical of all plots 
made. ; 

The correlation of the responsiveness of the fire after a 45-min 
off period (called pickup) with any chemical or petrographic 
item was likewise poor. Fig. 10 shows a typical example. 

The rate of heat release after the stoker shutoff did not exhibit 
a useful correlation with any of the chemical or petrographic tests 
made. A slight tendency for an increase in overrun to accom- 
pany an increase in the Gieseler softening temperature is Shown in 
Fig. 11. 

Clinker Characteristics. One of the primary requisites for a 
stoker coal is the ability to remove the ash in the form of clinker. 
This characteristic was indicated as the ratio of the weight of 
clinker removed during the tests and the total weight of ash 
formed. The ratio was always less than unity because the tests 
were started with no ash in the combustion chamber. A bed of 
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loose ash had to be accumulated before clinker was formed. Less 
than unit values do not mean that all the ash could ‘not be re- 
moved in the form of clinker with normal home operation. 

Fig. 12 shows that the correlation of the softening temperature 
of the ash and the clinker-ash ratio is very poor. The clinker- 
ash ratio for several coals in the 2000 F range were lower than 
some in the 2600 F range. 
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There appears to be a slight correlation between the clinker- 
ash ratio and the clinker-shatter index,® Fig. 18. 


CONCLUSIONS 


The heat obtained from the coals tested exhibited a good corre- 
lation with several items given by chemical analyses. The most 


5 The percentage of clinker by weight that broke into pieces 
weighing less than !/, lb after two drops from a height of 6 ft. 


useful relationship was with the heating value, on the as-fired 
basis. 

No single item, or combination of items, in the chemical or 
petrographic analyses gave good correlations with any of the 
other measured combustion characteristics. The percentage of 
ash, the fluidity of the coal as determined by the Gieseler test, 
and the percentage of vitrain exhibited a fair correlation with the 
uniformity of combustion. 

The clinker-ash ratio appeared to have a fair correlation with 
the shattering characteristics of the clinker. 

Sufficient space is not available to show additional graphs or to 
discuss the lack of correlation exhibited by more than one hundred 
combinations of chemical and combustion characteristics that 
were studied. Little or no useful correlation was exhibited by 
any except those mentioned in this paper. 
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An Evaluation of the Performance of Thirty- 
Three Residential-Stoker Coals 


By J. B. PURDY! anv H. W. NELSON,? COLUMBUS, OHIO 


_ This paper is based upon experience gained from evalua- 
tion tests, sponsored by individual coal producers during 
the past 12 years, to determine the suitability of various 
coals for use in residential underfeed stokers of the clinker- 
ingtype. The conclusions reached through the evaluation 
tests are in general agreement with the marketing experi- 
ences of the producers in the field. Comparisons are also 
made between the characteristics of the coals as deter- 
mined by the evaluation tests and data determined by 
standard laboratory-test methods. Correlation in this 
regard was not good. 


HE great majority of stokers-used in residential heating 

installations are of the clinkering type. Because of inher- 

ent characteristics of the underfeed combustion process as 
if occurs in these small stokers, and because of the wide range of 
operating conditions encountered in residential heating schedules, 
not all bituminous coals can be used successfully in residential 
underfeed units. The problem of providing consumer satisfac- 
tion has been attacked by the joint efforts of the stoker manufac- 
turers and the coalindustry; the stoker manufacturers have been 
concerned with improving their product to permit the use of a 
wider range of coals, and coal operators have made every effort 
to market selected and better-prepared coals. In view of the wide 
range of physical characteristics and chemical 
properties of bituminous coals, the problems are real 
and are receiving increased attention. 

Some 12 years ago a laboratory method was 
developed at Battelle Memorial Institute for the 
relative evaluation of coals for use in residential 
underfeed stokers. The method was developed in 
conjunction with work being done at that time for 
Bituminous Coal Research, Inc., and for individual 
coal producers, to obtain information on the charac- 
teristics of coal that determined the successful per- 
formance of the small stoker. Details of the equip- 
ment and test procedure were given by R. A. Sher- 
man? in a paper presented at the University of Illinois 
Fifth Short Course in Coal Utilization. ' 

During the past several years the evaluation of 
over forty different coals has been determined by 
investigations sponsored at Battelle by coal operators 
in the eastern producing districts. The purpose of 
this paper is to compare the results and con- 
clusions derived from the various tests with 
marketing experiences of the operators, and to discuss 
briefly the relationship of test results to standard laboratory 
determinations. 

1 Research Engineer, Fuels Division, Battelle Memorial Institute. 
Jun. ASME. 

2 Supervisor, Fuels Research, Battelle Memorial Institute. 

3 ‘'The Evaluation of Coal for Use in Domestic Stokers,”’ by R. A. 
Sherman, Circular No. 39, University of Illinois, Engineering Ex- 
periment Station, 1939. 

_ Presented at the ASME-AIME Joint Fuels Conference, White 
Sulphur Springs, West Va., November 3-4, 1948. 

Notre: Statements and opinions advanced in papers are to be 
inderstood as individual expressions of their authors and not those 
of the Society. Paper No. 48—FU-1. 
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Equipment UseEp In TrEsts 


Fig. 1 shows schematically the equipment used in the evalua- 
tion tests. The stoker is a commercial model of conventional de- 
sign, having a nominal feed rate of 30 lb perhr. A special labora- 
tory furnace is used, which is sealed tightly to prevent the en- 
trance of secondary air. The complete stoker-furnace assembly 
is mounted on platform scales, which permits the measurement 
of combustible weight losses occurring during the test. The fur- 
nace stack, in which are located a thermocouple, flue-gas sampling 
tube, and smoke meter, is connected to the laboratory exhaust 
breeching through a frictionless connection. 

Through use of an auxiliary blower system, provision is made 
for the measurement of the air delivered by the stoker fan to the 
wind box. A water seal in the ductwork eliminates interference 
with the process of weighing the stoker-furnace unit. A baro- 
metric damper is located in the furnace stack to assist in main- 
taining a constant draft. The damper is adjusted to give a draft 
of 0.05 in. of water during ‘‘off” periods of the stoker. 

Smoke concentrations are measured by means of a smoke- 
density meter. The meter consists of a light source and photo- 
electric cell between which a sample of the flue gases is drawn at 
a constant rate. Variations in the absorption of light by smoke 
varies the output of the photoelectric cell, and the voltage is re- 
corded continuously on a recording potentiometer. 
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DraGRAM OF Test EQUIPMENT 


Hie. 1 


Appropriate instruments are provided for control of hold-fire 
operation, for recording stoker running time and power con- 
sumption, and for measurement of overfire and wind-box pres- 
sures. Flue-gas analyses are made at appropriate intervals 
throughout the test. 


TrEst PROCEDURE 


At the start of the test the hopper is filled with the coal to be 
tested, and the stoker is run until the retort is filled and coal is 
level with the top of the tuyéres. The feed of coal is then stop- 
ped, and 1 lb of charcoal is placed on top of the coal. Just prior 
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to lighting the fire, !/2 pt of kerosene is poured over the charcoal. 
The charcoal is then ignited, and for a period of 5 minutes no coal 
is fed, but the stoker fan is permitted to run. At the end of 5 
min the coal feed is turned on and allowed to run for the balance 
of the hour. 

The air control on the stoker is set to furnish air at a rate 30 per 
cent in excess of that theoretically required by the rate at which 
the coal under test is being fed. Any correction necessary to ob- 
tain this rate of air delivery is made during the first hour by means 
of the stoker air control. No further adjustment of the air is 
made throughout the test. 

The schedule of operation for an evaluation test is designed to 
simulate the operation of a stoker under conditions of varying 
heat demand, as would be expected during a typical heating sea- 
son. The test is normally of 5 days’ duration. During the first 
and second days, operation consists of alternate periods of con- 
tinuous and hold-fire operation; alternate periods of intermittent 
and hold-fire operation occupy the third day, and the fourth day 
consists wholly of hold-fire operation. Intermittent operation 
is scheduled for the whole of the fifth day. 

For the parts of the schedule indicating continuous operation, 
the stoker is started and stopped manually. For hold-fire opera- 
tion, the stoker is started once each hour by a timer control and 
is stopped by a potentiometer controller when the temperature 
of the flue gases has reached 20 millivolts, or approximately 900 
F. During intermittent operation, the stoker is started manually 
at intervals of 20 min, the duration of each period of operation 
being determined by the time required to burn one third of the 
quantity of coal necessary to release 187,500 Btu per hr. The 
stoker is stopped when the required weight loss is attained, and 
remains idle until the start of the next 20-min period. 

As a test is always started with a completely clean hearth, the 
fuel bed is not disturbed until the evening of the fourth day, when 
a probe is made with clinker tongs to remove any clinker from 
the fuel bed. At the conclusion of the test the fire is quenched 
with water and the fuel bed is removed from the furnace. Pieces 
of clinker larger than 3 in. in size, and all coke retained on a 1- 
in. round-hole screen, are separated from the fuel bed and 
weighed. 


Bases FOR EVALUATION 


In evaluating a stoker coal, certain tangible factors must be 
selected on which a judgment of the coal may be based. These 
factors are chosen because of their importance in determining the 
degree of satisfaction that the consumer will obtain in using the 
coal, from the standpoint of manual attention, uniformity of heat- 
ing, comfort, cleanliness, and cost. The main factors used as a 
basis for evaluation in this test are as follows: (1) Initial igni- 
tion; (2) clinker formation; (8) coke formation; (4) rate of fuel 
consumption during hold-fire operation; (5) resistance of fuel 
bed to flow of air; (6) uniformity of burning during intermittent 
operation; (7) smoke concentration. 


Coats TESTED 


Over forty tests have been conducted, and their results evalu- 
ated by the method described. A few of these were short-term 
tests, consisting of only the first and last days of operation. Of 
the 5-day tests, the results of thirty-three are included in the 
present study. With one exception, the coals were all high-vola- 
tile, and were largely from the eastern producing districts. 

Table 1 presents the laboratory-determined characteristics of 
the coals used in these tests. In addition to the proximate 
analysis, the sulphur, calorific value, ash-softening temperature, 
and free-swelling index are given. The nominal size of the coal is 
indicated. 


Resutts or TESTS 


At the conclusion of each test, average values are determined 
for components of the flue-gas analysis, pressure measurement 
smoke concentrations during “‘off,’ periods, and length of hol 
fire running periods. These and other directly determine¢ 
values are then subjected to analysis. ; 

Table 2 lists values of many of these data for the coals tested 
When reporting the results of tests, in addition to listing dati 
shown in the table, plots of some groups of data are made for 
purposes of showing their degree of variability during the cours¢ 
of the test. Wide variations in the length of operating times du 


ing intermittent operation, for example, are indicative of excess 
sive coke-tree formation, dirty fuel bed, or general lack of respons ' 
to heat-demand operation, but average values alone do not indif 
cate this variability. Supplementary data and information! 
including photographs and visual observation of the fuel bed] 
strength of the clinker formed, and the height and type of coke 
trees, are not subject to numerical evaluation but are useful in 
making an over-all interpretation of results. 

The ratings of initial ignition shown in Table 2 represent ap- 
proximate evaluations of the curve of flue-gas temperatures re 
corded during the first hour of the test. The word descriptions 
shown furnish an initial indication of the ignitibility and cok-+ 
ing characteristics of the coal under test. The curves for 
initial ignition are discussed more fully in a later section of the 
paper. 

For the coals tested, the range of values for the drop in pressure 
through the fuel bed was from 0.52 to 1.54 in. of water. The 
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water is considered to give difficulty in burning. Of the coals 
tested, only one showed values above this maximum. 


started once each hour and allowed to run until a stack tempera 
ture of 900 F is reached. Under this procedure the time of opera 
tion is governed by characteristics of the coal. A cutoff tempera 
ture of 900 F may be too high, as many coals will be capable o 
holding the fire-at a lower temperature; however, time would 
not permit trial of minimum settings, and the results may be} 
compared on a relative basis. For purposes of evaluation, coals} 
having time values below 5 min per hr are considered satisfactory. 
The range of values shown in Table 2 was from 4.1 to 7.1 min per 
hr. Values of less than 5 min were determined for fourteen of} 
the coals tested, and six required operating periods averaging} 
over 6 min. 

The values of smoke concentration were determined as the 
average density of smoke during the “off’’ periods of nearer | 
operation. Only coals showing average values above 20 on the 
logarithmic scale of densities would be apt to produce troublesome 
smoke during “‘off”’ periods, as combustion of volatile gases and 
dilution of smoke by air admitted over the fire would reduce sub-| 
stantially the smoke concentrations in a residential heating in- 
stallation. 

Values of the weight of coke remaining in the fuel bed at the. 
end of a test give a numerical indication of the extent of coke for- 
mation and the depth of the fuel bed. Comparisons are signif 
cant only when all tests are run with closely similar percentages of 
excess air. The range of values found during the present tests 
was from 2.6 to 42.8 Ib; eight of the coals produced 15 Ib or more 
of coke. | 

The measure of clinker formation represented by~ data listed 
in Table 2 is the percentage of the total ash released during the 
test, which is formed into clinker. Percentage values of 20 per 


cent or more are considered to indicate satisfactory clinker for- 
mation. 
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TABLE 1 ANALYSES OF COALS TESTED 


=—=—_—_ 
Proximate analysis, 
per cent Calorific Ash Free- 
Test ; Nominal Volatile Fixed Sulphur, value, softening swelling index, 
Wo. Bed State size, in. Moisture matter carbon Ash Total per cent Btu/Ib temp, F qumeber 

| Wallins Ky. 1-1/4x0 rags 40.1 51.8 5.6 100.0 0.8 (3,630 2660 —" 
2 Wallins Ky. t-1/4xt/4 2.8 40.0 52.4 4.8 100.0 0.8 13,700 2250 —— 
3 Upper Freeport Pa. 3/4xt/y tet 33.8 56.0 9). 100.0 1.6 13,800 2360 at 
= 4 Pittsburgh We. Va. X10 mesh 3.0 37.5 53.3 ig? 100.0 = 13,380 2380 4.5 
5 No. 2 gas W. Va. X10 mesh 0.9 34.6 61.2 3.3 100.0 0.8 14,760 2290 — 
6 Taggart Va. 3/4x0 = _— — 3.1 _— _ = 2210 8.5 
7 Taggart Va. 3/4X0 _— — _ 4.5 — — — 2310 Be 
8 Chilton We. Va. 3/4X3/8 TE | 31.9 58.5 8.5 100.0 = —— 2700 7.0 
9 Sewell We. Va. 3/4xX1/4 0.2 23.2 72.6 4.0 100.0 _ 15,140 2440 — 
10 Pittsburgh We. Va. 3/4X3/8 ey? 38.1 54.4 4.8 100.0 _ 14, 050 _ 8.0 
Ww Elkhorn Wo. 3 Ky. xt/8 1.6 Siliwe 54.6 6.6 4100.0 = 13,920 ad 6.0 
12 Elkhorn Ky. 1X3/8 0.9 35.4 60.5 3.2 100.0 = = 2630 6.0 
13 Elkhorn Ky. 3/8X1/8 1.6 32.9 59.8 Siri 100.0 = a 2660 5.5 
4 Elkhorn Ky. 1xt/8 1.4 34.8 60.0 3.8 100.0 — — 2530 6.0 
15 Elkhorn Ky. 1X50 mesh 1.3 34.1 59.5 5.1 100.0 a — 2670 6.0 
16 Mason Ky. ixi/4 0.6 37.8 56.4 5.2 100.0 1.6 14,160 2420 5.0 
17 Mason Ky. 1Xi/4 1.7 36.3 58.3 3.7 100.0 —= 14,089 2530 ¥.0 
18 No. JI Ky. 3/4X48 mesh _— _ — 6.1 —_ _— —_— 2200 4.0 
19 High Splint Ky. 1X5/15 0.7 39.0 §2.5 7.8 100.0 1.0 13,400 2730 3.5 
20 Blue Gem Ky. 1-1/4X3/8 1.9 —_— _— 6.0 — 1.6 13,680 _ 3.5 
21 No. 2 gas W. Va. 1X3/8 (ya? 35.7 55.7 6.9 100.0 ry 13,951 2680 8.5 
22 (Unknown) Ind. 3/4X3/8 7.5 41.0 44.0 7.5 100.0 3.0 12,397 2190 = 
23 Hazard No. 4 Ky. 1X3/8 1.9 37.6 55.2 5.3 100.0 0.8 13,961 +2700 5.0 
24 Hazard Wo. 4 Ky. 1X3/8 Ded. 37.5 55.2 5.1 100.0 0.9 13,940 2410 4.5 
25 Elkhorn No. 4 Ky. 1X3/8 tl 38.5 55.6 4.8 100.0 1.0 13,970 2500 5.0 
26 Hernshaw W. Va. 1X3/8 0.8 32.3 63.6 3.3 100.0 0.7 14,690 2750 7.5 
27 Rich Mountain Tenn. 1-1/4X3/16 1.3 35.7 56.1 6.9 100.0 1.0 13,730 +2800 4.5 
28 Shannon Va. 1-1 /4xt/4 1.9 33:26 53.4 Jt.t 100.0 1.1 13,283 2280 6.5 
29 No. 2 Ky. 1X3/8 1.3 37.3 46.5 14.9 100.0 5.1 12,470 2310 $3.5 
30 No. 7 Ky. xt /4 6.0 38.0 51.4 4.6 100.0 1.8 12,780 2190 4.0 
a] Powellton We. Va. 1X3/8 1.8 35.5 57.1 5.6 100.0 1.1 14,330 2420 8.5 
32 Hazard Ko. 4 Ky. txi/4 1.2 38.9 S62 4.7 100.0 2.6 14,130 2340 5.0 
33 Clintwood Ky. 1X4 mesh 0.4 29.1 63.9 6.6 100.0 i.t 14,360 2700 8.0 


TABLE2 SUMMARY OF RESULTS FROM EVALUATION TESTS 


Pressure drop Smoke Coke in fuel Clinker removed, 
Test Initial through fuel Hold-fire concentration, bed, end of test, per cent of 
No. Bed State ignition bed, inches H90 time, minutes average Vb ash released 
i Wallins Ky. 1.16 11.8 4.l 16.8 
2 Wallins Ky. 0.86 13.6 2.6 27.2 
3 Upper Freeport Pa. 1.54 4.5 27.6 14.5 24.0 
4 Pittsburgh W. Va. 1.08 5.4 21.6 9.6 47.6 
5 No. 2 Gas WwW. Va. 0.84 Yel 15.6 16.5 27.9 
6 Taggart Va. Satisfactory 0.76 4.3 12.0 4.3 13.4 
7 Taggart Va. Very satisfactory 0.91 5.3 16.7 9.6 21.0 
8 Chilton We. Va. Satisfactory 1.26 6.8 14.0 3.8 14.0 
9 Sewell Weeks Poor 1.19 4.2 Tieso: (6.1 25.3 
10 Pittsburgh is Pear 0:79 5.4 33.4 4.9 16.3 
" Elkhorn No. 3 Ky. Very satisfactory 1.01 5.8 (4.7 10.8 28.4 
42 Elkhorn Ky. Very satisfactory 0.52 4.6 (4.7 8.4 12.5 
13 Elkhorn Ky. Satisfactory 0.85 4.3 9.4 16.4 39.8 
ie) Elkhorn Ky.” Satisfactory 0.65 4.2 10.9 7.8 26.2 
5 Elkhorn Ky. Satisfactory 0.86 4.3 14.4 19.5 36.6 
16 Mason Ky. Poor 1.05 5.3 15.8 9.1 Sift 
17 Mason Ky. Very satisfactory 0.72 4.1 10.6 4.1 21.3 
18 Row Il Ky. Satisfactory 0.97 4.3 17.9 8.4 31.0 
19 High Splint Ky. Very satisfactory 0.77 4.8 5.0 3.6 17.8 
20 Blue Gem Ky. Very satisfactory (hava 4.9 12.8 13\..7; 53.3 
21 No. 2 gas WwW. Va. Poor 0.8! 6.0 19.0 19.0 16.2 
22 (Unknown) Ind. Satisfactory 0.68 6.3 16.0 6.6 21.2 
23 Hazard Wo. 4% Ky. Satisfactory 1.09 5.4 12.0 Tew 23.5 
24 Hazard No. 4 Ky. Very satisfsctory 0.97 4.5 16.0 7.4 14.9 
a5 Elkhorn No, ¥& Ky. Satisfactory 0.82 5.7 20.0 8.6 14.0 
26 Hernshaw W. Va. Very satisfactory 0.78 4.6 11.0 5.4 11.6 
27 Rich Mountain Tenn. Poor 1.26 6.3 21.0 11.9 17.5 
28 Shannon Va. Poor 0.90 5.9 15.0 7.5 26.0 
29 No. 2 Ky. Poor 1.28 all 17.0 42.8 45.4 
30 Wo. 7 Ky. Very satisfactory 0.63 Bre | 15.0 3.9 18.4 
31 Powellton We. Va, Poor 0.93 at 22.0 17.5 ee 
32 Hazard No, 4 Ky. Satisfactory 0.63 Bie. 20.7 10.2 are 
33 Clintwood Ky. Poor 1.04% 6.2 18.6 15.5 A 


480 TRANSACTIONS OF THE ASME 


RELATION OF ConcLUSIONS DRAwN FRoM Test Resuuts To 
MARKETING HXPERIENCE OF OPERATORS 


From consideration of the test results, conclusions are drawn 
with regard to the degree of satisfaction to be expected if the coal 
under test were to be marketed. Many of the coals tested could 
be classed immediately as satisfactory or unsatisfactory beyond 
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reasonable doubt; others were deficient in performance by on 
or more criteria, and were given an intermediate or limited classi 
fication. 
Table 3 lists the coals tested, their classification based on test 
results, the principal reasons for the classification, if unsatisfac 
tory or not completely satisfactory, and the marketing experienc 


TABLE 3 SUMMARY INFORMATION REGARDING CONCLUSIONS FROM EVALUATION TESTS AND MARKETING 
EXPERIENCE OF COAL OPERATORS 


Experience in marketing 


Test Classification of 
No. Bed State laboratory test ° Reason for classification by Sponsor operator 
t Wallins Ky. S$ Xo information 
2. Wallins Ky. $ No information 
3. Upper Freeport Pa. uv Strong coke-tree formation Does not market residential stoker coal 
4 Pittsburgh Ww. Va. Ss No information 
5 No. 2 gas W. Va. $s Marketed successfully 
6 Taggart Va. $s Marketed successfully 
‘ 7 Taggart Va. B) Marketed successfully 
8 Chil ton W. Va. U Poor clinker formation and Not marketed for use in residential stokers 
hold-fire characteristics 
9 Sewell W. Va, Ss No information 
10 Pittsburgh WwW. Va. S- Sluggish ignition; Jength of No information 
hold-fire periods above aver- 
age; low clinker formation 
a] Elkhorn No. 3 Ky. $ Marketed successfully 
12. Elkhorn Ky. S- Poor clinker formation No information 
13 Elkhorn Ky. S No information 
1% Elkhorn Ky. $ No information 
15 Elkhorn Ky. S No information 
16 Mason Ky. s Marketed successfully, principally in 
northern markets 
17 Mason Ky. S- Relatively poor clinker Facilities not yet available for preparation 
formation of stoker coal 
18 No. It Ky. $ Marketed successfully 
19 High Splint Ky. S- Clinker formation questionable Marketed successfully 
20 Blue Geo Ky. $s Mine now closed; plan to prepare stoker coal 
when reopened 
21) No. 2 gas W. Va. S- Sluggish ignition, strong coke No-information 
formations, clinker formation 
low 
22 = (Unknown) ind. S New mine; upon completion of tipple wil} 
market stoker coal 
23° Hazard No. 4 Ky. Ss Small mine; output not yet justifies pre- 
paration of stoker sizes 
24 Hazard Ko. 4 Ky. S- Inadequate clinker formation Has been marketed successfully 
25 Elkhorn No. 4 Ky. S- Inadequate clinker formation No stoker coal prepared for market 
26 Hernshaw Ky. S- Poor clinker formation Preparation facilities lacking; no stoker 
/ sizes prepared 
27 Rich Mountain Tenn. U Sluggish ignition and hold-fire Only run-of-mine being marketed 
characteristics; high in coke 
formation; low in clinker forma- 
tion 
28 Shannon Va. U Sluggish ignition and hold-fire no stoker sizes prepared 
characteristics; high ash con- 
tent 
2 No. 2 Ky. u Poor ignition and hold-fire Decision made not to prepare stoker coal 
characteristics; sluggish fuel 
~ bed, high ash content, heavy 
coke formation 
OMe Ong? Ky. s Stoker sizes not being prepared at present time 
31 = Powell ton W. Va. $ Stoker sizes not being prepared at present time 
32° Hazard No. 4 Ky. S$ New tipple under construction; stoker sizes 
will be prepared 
33. Clintwood ‘ky. $ Equipment for preparation of stoker sizes not 


ee 


$ Satisfactory Se 


Not completely satisfactory 


U Unsatisfactory 


yet Installed 
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of the coal operators sponsoring the tests. Of the 33 coals tested, 
20 were determined to be satisfactory for use in residential stok- 
ers, 5 were listed as being unsatisfactory, and 8 were given limited 
ratings. 

The chief cause for limited ratings was inadequate clinker for- 
mation. Although satisfactory in other respects, use of coals in 
the restricted classification might be expected to result in com- 

plaints from consumers because of the accumulation of unfused 
ash in the furnace. Such coals might be marketed successfully 
in the northern regions, but might prove unsatisfactory in regions 
where climatic conditions require frequent and prolonged opera- 
tion at low or hold-fire rates. Other factors affecting the evalua- 
tion of the coals adversely were excessive coke-tree formation, 
sluggish ignition and response during intermittent operation, 
high ash content, and high average smoke concentrations during 
“off” periods of stoker operation. 

As shown in Table 8, there was general agreement between con- 
clusions drawn from results of evaluation tests and the marketing 
experiences of the coal operators. Those coals classed as unsatis- 
factory have not been prepared by the respective operators in 
residential-stoker sizes. Most of the coals rated as being satis- 
factory are either being marketed successfully, or will be mar- 
keted when preparation facilities become available. Of those 
rated as not being completely satisfactory, three have been 
marketed successfully; the others are not now being prepared in 
residential-stoker sizes, or information regarding them is lacking. 

The agreement between results of the evaluation tests and 
marketing information is reasonably good and appears to justify 
use of the method. Because it is a relatively short-time test, an 
appraisal of a coal can be accomplished much more quickly than 
if adequate field tests were attempted. Many of the requests for 
tests come in summer months when operators are interested in 
the market for the following heating season. 

The method possesses limitations, particularly in regard to the 
evaluation of clinker formation with coals of intermediate ash- 
fusion characteristics. With coals of this class having low ash con- 
tent, the fraction of the ash formed into clinker may be un- 
duly low, although if the test were continued, the fraction would 
become greater. Admittedly, judgment of clinker formation is 
less susceptible to evaluation than any other factor involved in 
the test. 


RELATION OF RESULTS OF TEST TO STANDARD LABORATORY 
DETERMINATIONS 


Analysis of the data from the evaluation tests has furnished 
an opportunity for attempts to relate these results to data deter- 
mined for the coals by standard laboratory determinations. 
Studies of this kind have been made by Shotts,‘ on Alabama coals, 
and by Helfinstine and Boley,® on Illinois coals. There is a natu- 
ral interest in correlations of this kind, because of the possi- 
bility for simplification of an evaluation-test procedure. 

Initial Ignition. The variation in the time required for the flue- 
gas temperature to reach an equilibrium value, as shown by the 
record of temperature during the first hour of the test, is consid- 
ered an indication of the performance of the coal with respect to 
ignitibility and coking characteristics of the coal. Although not 
a measure of individual characteristics, it gives a preliminary in- 
dication of difficulties to be expected in maintaining ignition dur- 
ing operation under hold-fire conditions. 

4’The Relation of Free-Swelling Indexes to Other Characteristics 
of Some Alabama Domestic Stoker Coals,’ by R. Q. Shotts, AIME 
Technical Publication No. 2314, Feb., 1948. 

5 “Correlation of Domestic Stuker Combustion With Laboratory 
Tests and Types of Fuels 11. Combustion Tests and Preparation 
Studies of Representative Illinois Coals,” by R. J. Helfinstine and 
C. GC. Boley, Illinois State Geological Survey, Report of Investiga- 
tions No. 120, 1946, p. 35. 


Fig. 2 presents three examples of initial ignition curves from 
among the coals tested. These curves emphasize the difference 
that can exist between bituminous coals, in reaching an equilib- 
rium flue-gas-temperature value during the initial ignition pe- - 
riod. The top curve represents a coal having very good ignition 
characteristics; the maximum flue-gas temperature was reached 
early in the hour and declined only slightly during the balance of 
the hour. The middle curve, shown as a broken line, represents 
a coal having sluggish ignition characteristics; the flue-gas 
temperature declined sharply during the first 25 min and did not 
recover to its maximum value until the end of the first hour. The 
bottom curve represents unsatisfactory ignition, in that the fire 
had gone completely out at the end of 30 min of operation. 

An attempt was made to relate data from curves of initial 
ignition to free-swelling indexes and to the time required for opera- 
tion of the stoker during periods of hold-fire. This was done 
by plotting the variance of the flue-gas temperature during the 
initial ignition period against the free-swelling index, and against 
the average running time during hold-fire operation. No direct 
relationship was found to exist between these data, hence the 
temperature variation during ignition cannot be used alone as a 
criterion of coking or hold-fire characteristics. 
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Fig. 2 Frun-Gas Temperature Recorps, Initiau Icnition 


PERIOD 


Some years ago an investigation of ignitibility of bituminous 
coals was made at Battelle. In that study, ease of ignition im 
residential stokers was compared with ignition temperatures de- 
termined by the method developed by The Coal Research Labora- 
tory at the Carnegie Institute of Technology. The correlation 
between these properties was not good. It is concluded that ease 
of ignition depends not only on ignition temperature, but also 
on other factors, chiefly coking characteristics and size variation. 

Clinker Formation. Results of clinker formation in the evalua- 
tion test are expressed as the percentage by weight of the total 
ash released during the test which is formed into plus 3-in. clinker. 
If values for these percentages are 20 per cent or higher, the coals 
may be expected to give satisfactory service to the consumer in 
this respect; below this value, the clinkering characteristics of 
the coal are open to question. 

Comparison of clinker values obtained in these tests and ash- 
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softening temperature show no correlation. Fig. 3 presents a 
graph of the relation between ash-softening temperature, as de- 
termined by the standard laboratory method, and the clinker re- 
moved from the fuel bed in the burning tests. Poor correlation 
is evident between these data. Similar results have been ob- 
tained by Helfinstine and Boley.® 

The ash content of the coal, as determined by the proximate 
analysis, definitely predicts the degree of manual attention that 
will be required when burning the coal, due to the removal of 
clinker and unfused ash. 

Fig. 4 presents the relation between the ash content of the coal 
and the clinker formation. The relationship here is little better 
than that shown in Fig. 3; however, no single laboratory-deter- 
mined characteristic can predict accurately the performance of a 
stoker coal with respect to clinker formation. 


FRACTION OF ASH RELEASED, PER CENT 


>2100 2200 2300 2400 2500 2600 2700 2800 
ASH-SOFTENING TEMPERATURE, F 


CLINKER REMOVED, 


Fie. 3 KeEeLation BETWEEN CLINKER FORMATION ASH- 


SorreniInG TEMPERATURE 


AND 


| Coke Formation. In the evaluation test, a numerical measure 
of coke formation is obtained by the weight of plus 1I-in. coke 
remaining in the fuel bed at the end of the test. The standard 
laboratory test used to obtain an indication of the coking tend- 
‘encies of a coal is the free-swelling test as prescribed by ASTM 
designation D-720-46. 

‘Fig. 5 shows the relation between these two methods. The cor- 
relation is not so close as might be expected, although the results 
are in agreement with those of Shotts.4 The reason for this lack 
of correlation is due largely to variations in the reactivity of the 
coke formed. , 

Rate of Fuel Consumption During Hold-Fire Operation. The 
stoker running time necessary to maintain the fuel bed in good 
condition is of importance to the consumer for reasons of economy 
and comfort, as it determines the amount of coal that will be 
burned during periods when there is no demand for heat. 

An investigation was made of the relation between the time 
required to hold fire and laboratory-determined characteristics. 
Between time required to hold fire and the free-swelling index no 
relationship could be determined. A plot of the relation between 
hold-fire time and the ash content is shown in Fig. 6. These data 
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Fig. 6 Retation Brerwenn AsH ConTENT AND AVERAGE TIME 
j 
“On” Durine Hoxp-Fire OPERatTion 


indicate that, in general, the hold-fire time is increased slightly 
with increase in the ash content of the coal. 

Resistance of Fuel Bed to Flow of Air. The resistance of the 
fuel bed to the flow of air is of interest as it may reflect the general 
condition of the fuel bed and the ability of the stoker fan to fur- 
nish the necessary volume of air. The fan capacity of residential 
stokers is sufficient to overcome maximum fuel-bed resistances 
of 1.50 to 1.75 in. of water. With suitable automatic air controls 
the delivery of air will be maintained up to this pressure. The 
highest resistance found during the present study was 1.54, and 
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for most of the coals tested values were well below the limiting 
pressure. 

The principal factors contributing to fuel-bed resistance are 
coking properties, size of the coal, and ash content. No correla- 
tion was found between free-swelling index, as indicative of cok- 
ing properties and fuel-bed resistance. Fig. 7 presents a plot 

_ showing the relation of fuel-bed resistance to the ash content of 
the coals. The effect of increasing ash content upon the resist- 
ance offered by the fuel bed is evident in this graph. 

Uniformity of Burning. The ability of a stoker coal to respond 
to abrupt demands for heat, and to burn uniformly during peri- 
ods of heat demand are very important factors in providing satis- 
factory operation for the consumer. The uniformity of burning 
is judged mainly by the performance of the coal during the period 
of intermittent operation on the last day of the test. A measure of 
the performance during this period is obtained by the operating 
time necessary to liberate a given quantity of heat, and the uni- 

formity of these values for successive operating intervals. 
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Fig. 8 shows the relation between the variance in time “on” 
during intermittent operation and the weight of coke remaining 
in the fuel bed at the end of the test. The trend of the data in 
this graph shows that increased quantities of coke are reflected 
in increased variations in the uniformity of burning. Fig. 9 
presents a similar plot for clinker formation and variance. Here 
it ig shown that the amount of clinker formed had much the same 
effect on the uniformity of burning. 


A study of data relating the free-swelling index and the average 
on” period during intermittent operation showed a complete lack 
of correlation. 

Smoke Concentration. When the stoker is in operation during 
a test, under conditions of at least 30 per cent excess air as nor- 
mally employed, smoke concentrations are of no consequence, 
even when burning high-volatile coals. Smoke emission is 
noticeable only for a brief period after the stoker shuts off. 

Of the laboratory-determined characteristics, volatile matter 
would appear to be the most closely related to smoke concentra- 
tion; the volatile-matter content usually is associated with the 
relative smokiness of a coal. 

Fig. 10 shows in graphic form the relation of volatile matter 
and smoke concentration for the coals tested. In general, the cor- 
relation of the data for these two characteristics is poor, indicat- 
ing that volatile matter alone cannot determine the amount of 
smoke that will result from burning a coal in residential stokers: 


“ 


CoNCLUSIONS 


A study of data obtained during laboratory tests to determine 
the suitability of bituminous coals for use in residential underfeed 
stokers of the clinkering type has led to the following general 
conclusions: 
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1 Performance data obtained during the test furnish useful and 
practical information upon which to judge the performance of 
stoker coals. 

2 Conclusions derived from the results of evaluation tests are 
in general agreement with use experience of the coals in the field. 
The method is of practical use in this regard. 

3 Few direct relationships were found between data furnished 
by the evaluation test and determinations by standard laboratory 
tests. This is particularly true with regard to coke formation 
and clinker formation, two of the most important factors in de- 
termining the degree of satisfaction to be obtained in applications 
of the small underfeed stoker. 


It has not been the intention in this paper to prescribe this 
evaluation test as the best method for the evaluation of coals for 
use in residential stokers. That there are other test methods 
having similar objectives serves to point out the necessity for full- 
scale laboratory tests. 

At the present time, a standard test procedure for the evalua- 
tion of coals for use in residential stokers is not available. For 
the past several years a joint committee, appointed from the 
membership of the Residential Stoker Committee of Bituminous 
Coal Research, Inc., and from the Engineering and Research 
Committee of The Stoker Manufacturers Association, has been 
working to develop a standard procedure for testing and evalu- 
ating bituminous stoker coals. This procedure has been com- 
pleted to the extent that it has been drawn up in tentative form. 
It is now planned to install the equipment in several laboratories 
and to run check tests, using portions of identical lots of coal, 
to determine the degree of reproducibility offered by the method. 
Completion of this standard test procedure should facilitate 
greatly the evaluation of coals for use in residential stokers. 
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Discussion 


C. F. Harpy.® When a new mine is opened, there is always a 
question as to the suitability of the coal for various uses includ- 
ing domestic stokers. Until this service was offered by Battelle, 
it was customary to hand-screen a few hundred pounds of coal 
and distribute it among various engineers or other stoker users. 
Obviously, this is unsatisfactory and in no sense of the word 
standard procedure. There have been several instances where 
stoker plants were installed by this hit-or-miss system of evalu- 
ation, and the coal has proved unsatisfactory for use in domestic 
stokers after the plant was built. On the other hand, the 
Battelle standard evaluation tests, by showing that the coal was 
unsuitable or borderline, have prevented several companies from 
useless investment in stoker-screening facilities, and the cost of 
trying to promote the coal on the market. 

This paper is particularly valuable in that it brings to the at- 
tention of the coal industry the fact that there is a method of 
testing available, which gives a reasonably accurate evaluation 
of a coal for domestic-stoker use before it is placed on the market. 


6 Chief Engineer, Appalachian Coals, Incorporated, Cincinnati, 
Ohio. Mem. ASME. 


TRANSACTIONS OF THE ASME 


JULY, 1949 


This should stimulate further research which should tell why 
coals perform as they do in domestic stokers. 


R. J. Hevrinstine.’ The correlation shown between the labo- 
ratory combustion tests and the public acceptance of the coal is 
of particular interest. This type of information is needed to 
bridge the gap between the laboratory and the consumer. 

This paper furnishes more evidence that “armchair philoso- 
phy” is often used to condemn good stoker coals. 


swelling index. Actual combustion tests are required to estab- 


lish the clinkering and coking characteristics of a coal, and judg- | 


ment should be based upon performance and not upon appear- 
ance. 


The tests described in this paper show that a longer hold-fire | 
period was required with high-ash coals. This might be expected 


with the type of hold-fire control used for the tests. However, 
it is the writer’s opinion that this relationship would not exist 
if the controls were of the time-interval type. 


E. R. Kaiser. As a former fuel engineer assigned to residen- 
tial stokers at Battelle, the writer has read this paper with con- 
siderable interest. It is gratifying to noté that earlier test tech- 
niques have since been developed and that criteria found impor- 
tant in the years 1935-1938 are still important in judging the 
performance of stoker coals for residential heating. 


The authors have plotted a number of the primary coal data | 
singly against performance data of the stoker in an effort to es- 


tablish relationships. Unfortunately, wide scattering of points 
usually resulted, which did not illustrate what experience gener- 
ally indicates to be the case. For example, Fig. 3 of the paper 
indicates almost no trend in the percentage of released ash con- 
verted to clinker with change in ash-softening temperature. 


Other factors, such as fuel-bed temperatures and zones of heat 


release must influence the results. 
In the present state of our knowledge, we cannot explain all of 


the reasons why suitable stoker coals perform satisfactorily, nor | 


why one satisfactory coal may be better than another. There- 
fore it would be better to approach the subject from the aspect 
of unsatisfactory coals whose properties might be more marked 
and therefore easier to evaluate. On examining the data for 


sixteen unsatisfactory coals tested at Battelle, not all of which | 
were reported in the subject paper, it was concluded by one of | 


the authors as follows: Unsatisfactory coals for residential 


stokers have one or more of the following general characteristics 


in the Battelle test: 


1 Slow ignition with less than 20 Ib of coal burned during the 


first hour. 
2 Over 8 per cent ash content. 
3 Over 2500 F ash-softening temperature. 


4 Less than 20 per cent of the ash released converted to | 


clinker. 

5 Asmoke reading of over 12 units average during the “off” 
period. 

6 A wind-box pressure exceeding 1.25 in. water gage. 

7 Weight of coke at end of test exceeding 10 lb. 

8 Free-swelling index exceeding 8. 

9 It is assumed that the top size does not exceed 12 eane 
and that the amount of minus !/,-in. coal does not exceed that 
of normal resultant coals. 


Returning to the question of correlating stoker performance 


Sy Mechanica! Engineer, Illinois State Geological Survey, Urbana, 
§ Assistant Director of Research, Bituminous Coal Research, Inc. 
Columbus, Ohio. Mem. ASME. ; 


Obviously, | 
no coal should be branded as unsuitable for domestic stoker coal | 
because of high (or low) ash-fusion temperature, or high free-| 
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with basic laboratory tests, the stoker performance is so compli- 
cated that it is not reasonable to expect the performance factors 
to vary with single coal factors. At least two or three coal char- 
acteristics are at work at the same time in effecting coke forma- 
tion and clinker formation. These factors are discussed under 
the same headings as used by the authors: 


Ignition Properties. A coal with poor initial ignition shows 
symptoms of poor ignition later during “‘on’’ periods and hold- 
-fire. Coking characteristics and size consist may be factors, but 
something inherent in the coal other than that measured by the 
Coal Research Laboratory method seems to be present. Perhaps 
it is liberation of CO. and water vapor from the coal, with ab- 
sorption of heat, when the coal is subjected to ignition. Weakly 
coking coals from the Indiana-West Kentucky field sometimes 
exhibit poor ignition. Outcrop coals are notorious in this respect. 
Additional basic research is needed on this subject. 

Clinker Formation. Clinkering of coal ash is evidently affected 
not only by the ash-softening temperatures but by the tempera- 
tures in the ash zone. A hot fire in the region beginning immedi- 
ately above the tuyéres and extending at least 5 in. upward will 
promote clinkering. A coal that ignites slowly and produces 
coke rather than heat is not likely to promote clinkering. A high 
ash content does not help rapid ignition nor rapid combustion. 
Furthermore, the ash-softening temperature has the limitation 
of not representing the ash in its segregated or heterogeneous 
state on being released from the coal. 

Coke Formation. The poor correlation between free-swelling 
index and weight of coke in the fuel bed is probably due to the 
additional factors of slow ignition in the retort and reactivity of 
the coke formed. 

Plasticity of the coal in. the initial stage of coking is probably 
the dominant factor, with ignition second, and reactivity of the 
coke third. The plastic property obviously must be first in im- 
portance in forming the coke tree. Slow ignition causes green 
and unoxidized coal to move up into the heat zone where thé 
temperatures are better for coking than for rapid combustion. 
Once coke is formed, air cannot penetrate the formation. 

Because of hold-fire conditions and the cooling effect of the 
furnace walls, particularly in household furnaces, the coke loses 
ignition and often will not burn until it falls to the hearth and is 
reignited by the flames issuing from the annular space around 
the retort. 

Hold-Fire Operation. The ignition property of the coal again 
must be a dominant factor in the length of time the stoker must 
be operated to brighten the fire. Therefore it is understandable 
why the free-swelling index did not alone prove to be the factor. 
A small fuel bed of hot coal with a low fuel maintenance is all 
that is necessary. A heavy fuel bed of smoldering coal results 
if the stoker feed screw continues to deliver coal that will not 
ignite at the rate fed. 

Fuel-Bed Resistance to Air Flow. Coals which ignite slowly 
often cause high wind-box pressures. Green coal floods the tuyéres 
rather than burning away promptly in the air jets. Low wind-box 
pressures result when the combustion is rapid and a free annular 
space is left around the coke tree and inside the clinker ring. 

Any unclinkered ash that falls into the annular space contributes 
to the air resistance. The wind-box pressure also increases gradu- 
ally with the amount of clinker in the bed simply by increasing 
the height of the annular space through which the gases must 
flow. 

Uniformity of Burning. Coals which ignite promptly and do 
not coke too strongly burn with a small fuel bed. The uniformity 
of burning is good, neither teo much nor too little, but approxi- 
mately at the rate the coal is fed. 

The combination of strong coking and slow ignition makes for 
large coke masses. While the coke is being formed, the rate 


of burning is slow. After the coke mass breaks down and is 
reignited, the burning is fast. The excess air varies inversely with 
the rate of burning. The extreme case occurs during the “on” 
period following the removal of clinker from a hot fuel bed. The 
coke is broken down in the process and reactive surfaces are ex- 
posed. Long flames and appreciable carbon monoxide in the flue 
gas result for a few minutes following the resumption of full-rate 
combustion. 

Smoke Concentration. Poor ignition also can contribute to “off” 
period smoke, Smoke increases with the amount of green coal 
and partially devolatilized fuel above the retort, particularly at 
the center of the fuel mass. Prompt ignition and intense burning 
near the tuyéres reduce the coal left to cause smoke when the air 
flow is shut down for the “off” period. 

Conclusion. The foregoing indicates strongly that the ignition - 
property of bituminous coals should be investigated in a basic 
way to establish a laboratory method which would help not only 
in evaluating coals but in analyzing the performance of coals in 
combustion. Tests conducted at Battelle several years ago with 
fuel beds ignited from above and supplied with air from below 
showed promise of obtaining useful results. 

Further study might well be given to the noncombustible gases 
liberated from coal on heating above room temperature. The 
heat required to raise the temperature of the coal, including that 
for liberating the gases, should also be measured. This heat is 
not important in relation to the total calorific value of the coal, 
but in underfeed ignition the amount of heat radiated in the ig- 
nition zone is small enough to make this factor highly important. 
If the tests could be conducted on the same coals used in the labo- 
ratory stoker tests it might be possible to develop a better correla- 
tion of all of the data obtained thus far, and to place a measured 
value on the ignition factor. 


C. H. Sawynr.? The work described in this paper represents 
the longest-standing program of such research with which we are 
familiar, and all of us who are interested in this subject have bor- 
rowed freely both in ideas and in method from it. 

Both R. I. Bush, Director of our Pittsburgh Stoker Re- 
search Laboratory, and the writer had an opportunity to examine 
this paper in advance and he shares with the writer responsibility 
for the following comment: 

We liked especially the authors’ careful statement that values 
of fuel-bed resistance indicate ‘‘...the general condition of the 
fuel bed.” Certainly, fuel-bed resistance cannot be ascribed to 
any one property of the fuel bed, such as thickness, as is so often 
claimed. We think this error has led to many false starts on air- 
control design and it certainly finds its way into much stoker ad- 
vertising. We think the limit of 1.5 in. of water given as maxi- 
mum trouble-free fuel-bed resistance exceeds the capabilities of 
several stoker fans we have tested and would be safer set at some 
lower value, say, of the order of 1.25in. Fortunately, there is a 
trend toward higher-pressure fans among stoker manufacturers, 
and the point will assume less weight as time eliminates the old 
low-pressure jobs. 

The authors have questioned the temperature selected for hold- 
fire pickupsin their method. We use an entirely different method 
of evaluating hold-fire performance. In typical stoker operation 
out fires are most likely to occur at some time between 3 and 
5 hr after the last prolonged. operation of the stoker. Many 
coals, particularly the semifluid types represented by some of the 
popular low-volatile stoker coals, will pick up very sharply after 
this low-activity period and would thus show an average time of 
hold-fire operation little if any below the normal, even though 
their remaining alive may have been a touch-and-go proposition 
at the critical stage. We cannot, however, offer a completely 


9 Bastern Gas and Fuel Associates, Pittsburgh, Pa. 
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satisfactory substitute for the method cited. We still use 3- 
min-per-hr timed operation as a hold-fire test. Most coals will 
hold fire at such a rate, and we think minimum activities, as indi- 
cated by stack-temperature records, give a closer indication of 
the likelihood of out fire than does the average reactivation time 
of the Battelle method. However, we pay for this policy with 
occasional out fires which means virtual inability to run a “‘stand- 
ard”’ test on the coal in question since much other data of value 
are no longer reliable after rekindling such a fire. Possibly avoid- 
ing a hold-fire check until the end of a test schedule might over- 
come the objection to some such attempt to get a closer assay of 
hold-fire characteristics. 

Mr. Bush has suggested that residual coke as determined is sub- 

ject to too much accidental variation to allow significance by any 

means short of running several tests on each coal to obtain an 
average value. He does not feel that the size consist of residual 
coke is subject to as much variation as is the quantity, and sug- 
gests comparison of some figure such as average size of residual 
coke as an alternative attempt to index the likelihood of coke- 
tree trouble. 

We find the lack of pattern in clinker data disappointing, as did 
the authors. It seems that no test of such short duration can 
answer satisfactorily the question of “clinkerability.”” However, 
in our own laboratory we have noted a slightly better correlation 
of clinker removed with ash-softening temperature than that in- 
dicated in the graph shown. The writer has wondered considera- 
bly about this difference since he knows how carefully this work 
is done at Battelle. One possible partial explanation for the dif- 
ference is offered: 

Our fires are undisturbed throughout the entire week. In the 
tests under discussion clinker is removéd on the evening of the 
fourth day. It would seem only human nature for an operator to 
search a fuel bed showing little or no clinker more thoroughly 
than one containing some obvious pieces at this stage of the test. 
Such search would constitute cultivation which is always of help 
in clinkering difficult ash. Thus certain high-fusion or otherwise 
difficult-to-clinker coals might be unconsciously thrown out of 
line in this performance characteristic by even the most con- 
scientious operator. As a matter of fact even an equivalent de- 
gree of cultivation (unavoidably entailed in any clinker search) 
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might favor high-fusion coals in this regard and tend to even the 
end quantities of clinker. 


AUTHOR’S CLOSURE 


Mr. Hardy has pointed out the economic advantages of a 
laboratory-conducted evaluation test. This of course is of prime 
importance. In addition, one of the strong points in favor of a 
test method of this type is that it permits the evaluation to be | 
made regardless of the season or of fluctuations in outside tem- 
perature. It also permits making a relative evaluation of coals | 
with comparative ease, since consideration of variations in equip- | 
ment is reduced to a minimum. 

Mr. Helfinstine’s comment regarding the type of hold-fire con- | 
trol used is correct. However, as pointed out by the authors in | 
the paper, the method used does provide a relative means of 
comparing the performance of coals during the periods of hold 
fire, even though it must be recognized that the period of opera- | 
tion during each hour may be longer than necessary. The method | 
eliminates interruptions occasioned by attempts to find the lowest 
possible hold-fire setting for each coal under test, yet it furnishes a | 
relative measure of performance. 

Mr. Kaiser’s knowledge of the background of these tests has 


provided a basis for a very interesting discussion. The limiting 


values generally found to be present among coals not considered 
suitable for use in residential underfeed stokers of the clinkering 
type, have been clearly summarized. 

Of particular interest are the conclusions drawn by Mr. Kaiser 
in the need for additional basic research on the ignition properties 
of various coals and of the coke derived therefrom. It is hoped 
that additional work can be accomplished along these lines in the 
near future. 

Mr. Sawyer’s discussion of clinkering data is of special interest. 


Disturbing the fuel bed certainly has an effect on the subsequent | 


formation of clinker in spite of all the care that is taken in handling 
the clinker tongs. However, when burning a high-ash coal at a 
feed rate of 30 lb per hr, as employed in these tests, sufficient ash 
has been deposited by the end of the fourth day to make it often 
necessary to remove the clinker at that time, thus insuring a 
relatively clean fuel bed for the intermittent heat-demand run of 
the last day of the test. 


Marine Propulsion-Gear Testing at the 
Naval Boiler and Turbine Laboratory 


By IVAN MONK,! PHILADELPHIA, PA. 


This paper describes the testing phases of the propul- 
sion-gear development program of the United States Navy. 
Full-sized reduction-gear units are tested to destruction 
under controlled conditions. The facilities and proce- 
dures employed in these tests are described, together with 
some of the problems encountered. Results are presented 
from tests in which four destroyer-escort reduction-gear 
units were able to transmit more than three times their 
designed full power before failure occurred. 


ner, the necessary high speed of revolution of the turbine 

with the comparatively low rate of revolution required by an 
efficient propeller, the problem would be solved, and the turbine 
would practically wipe out the reciprocating engine for the pro- 
pulsion of ships. The solution of this problem would be a stroke 
of great genius.” 

These words were written in May, 1904, by Rear Admiral 
George W. Melville and Mr. John H. Macalpine after a thorough 
investigation of the then-existing status of the steam turbine as 
applied to the propulsion of ships. That the problem was solved 
is evidenced by the preponderance of geared-turbine-driven ships 
in the naval and merchant fleets of the world. 

The first ship in the United States to be equipped with reduc- 
tion gears for main propulsion was the U.S.S. Neptune, a fleet 
collier commissioned in 1911. In 1945 the combined capacity 
of propulsion gears in United States naval vessels was more than 
50,000,000 hp. This figure makes the Navy by far the world’s 
largest single user of marine propulsion gears. 

Above all, the propulsion machinery of a combatant ship 
must be reliable. Experience has shown that naval reduction 
gears have possessed the desired degree of reliability, but there 
is no doubt that the Navy, in specifying designs that would in- 
sure reliability, has sacrificed other desirable features. One of the 
most tempting methods of obtaining reliability is to specify 
conservative designs, with large factors of safety. This of course 
results in larger gears, consuming additional weight and space 
which otherwise could be used for fuel. The greater the fuel ca- 
pacity of a ship, and the more efficient its machinery, the greater 
will be its steaming radius. The importance of the steaming ra- 
dius of a ship was demonstrated time and again during the past 
war, when our fleet units were required to remain at sea for pro- 
longed periods, frequently in enemy waters. 

The Navy had long felt the need of facilities for evaluating the 
performance of reduction gears during full-scale operation before 
approving them for installation in a large number of ships. It 
was to fill this need that the Bureau of Ships, in 1941, started to 
build gear and turbine testing facilities at the Naval Boiler Labo- 
ratory, now known as the Naval Boiler and Turbine Labora- 


tory. 


1 Commander, U.S.N., Assistant Director, Naval Boiler and Tur- 
bine Laboratory, Philadelphia Naval Shipyard. 

Contributed by the Power Division and presented at the Annual 
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ia ONE could devise a means of reconciling, in a practical man- 


DESCRIPTION OF LABORATORY 


The Naval Boiler and Turbine Laboratory, located in the 
Philadelphia Naval Shipyard, had its beginning in 1909 when 
the Bureau of Steam Engineering established it as the Fuel Oil 
Testing Plant. Through the years the missions and facilities 
of the laboratory have grown, and at present it is the sole govern- 
ment agency in which full-sized marine boilers, turbines, and gears 
are tested under simulated service conditions with principal 
variables accurately controlled. A detailed description of the 
laboratory facilities has been given in a paper? by Capt. E. 
Kranzfelder, U.S.N. 

All gear tests are conducted in a building specially designed for 
testing large prime movers and reduction gears. Testing space 
is such that three complete sets of propulsion machinery, includ- 
ing boilers, turbines, and gears, for large combatant vessels can 
be set up for testing simultaneously. The building is 60 ft 
high, 255 ft long, 165 ft wide, and is divided into three test 
bays, each of which is equipped with an overhead traveling cran 
of 50 tons capacity. ts 

To insure a solid foundation for a large variety of test installa- 
tions, special consideration was given to the design of the floors 
in the test areas. On top of closely spaced piling was constructed 
a concrete mat, approximately 5 ft thick. The mat was then 
covered with heavy cast-iron slabs, 8 in. thick, which were~ 
grouted in place and anchored with the holding-down bolts em- 
bedded in the mat, thus forming a level test floor of great rigidity. 
The cast-iron slabs are cross-hatched with T-slots which form a 
convenient means for firmly securing test installations to the floor. 

The laboratory has a large assortment of steam turbines for 
use in testing gears. These have been obtained from surplus 
Navy equipment and have capacities ranging up to 25,000 hp per 
turbine. Turbine speeds up to 9000 rpm are available; in those 
cases where higher speeds are required, a special step-up gear 
is installed between the turbine and test gear. 

Three boilers with a combined steam capacity of more than 
600,000 lb per hr supply steam to the turbines. Circulating water 
for the condensers is supplied from the shipyard basin by three 
pumps having a total capacity of 150,000 gpm. 


Purpose or TESTING 


Gears are tested at the laboratory for many purposes but these 
may be divided into the following general categories: 


(a) Contract acceptance tests. 
(b) Development tests. 


In contract acceptance tests the gears are operated under 
simulated shipboard service conditions. The object of these 
tests is to determine whether the gears meet the contract speci- 
fications and are suitable for the purpose for which they were 
designed and built. 

During a naval shipbuilding program, emphasis usually is 
placed on the mass production of units of standardized designs. 
There is an understandable reluctance to approve new and un- 


2“The Naval Boiler and Turbine Laboratory,’’ by Capt. E. 
Kranzfelder, U.S.N., Trans., the Society of Naval Architects and 
Marine Engineers, vol. 55, 1947, pp. 341-358. 
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tried designs for mass production before their reliability has been 
demonstrated. Consequently the reduction gears for each class 
of ships represent the best designs of known reliability existing at 
the time the building program started. 

The best time to build and try experimental propulsion ma- 
ehinery of advanced designs is before the shipbuilding program 
starts. Future standardized designs can then safely include new 
and progressive ideas which otherwise might be considered too 
radical. This is the keynote of the laboratory’s development 
test program. The general objective is to assist industry in pro- 
ducing better reduction gears for the Navy. Some of the factors 
which contribute to better reduction gears are the following: 


(a) Greater reliability. 
(b) Lighter weight. 
(c) Smaller size. 

(d) Higher efficiency. 
{e) Quieter operation. 


Meruops or TESTING 
Two methods of testing gears are employed at. the laboratory: 


{a) Dynamometer testing. (b) Torque testing. 


Dynamometer-Test Arrangement. The dynamometer method is 
illustrated in Fig. 1. The gear is driven by a steam turbine, and 
the transmitted power is absorbed either by a water brake or by 
an electric dynamometer. Except for the roll and pitch of the 
ship, this test setup reproduces actual shipboard operating con- 
ditions very realistically. 


DYNAMOMETER, 


\ 
\ 
NG 


seat 


REDUCTION 
GEAR UNIT 


Fie. 1 DynamMomEter-Trest ARRANGEMENT 

Water brakes have been used as load-absorbing devices in most 
of the gear tests to date. The laboratory has eight large water 
brakes with capacities ranging from 25,000 to 40,000 hp, rated at 
yarious speeds up to 6000 rpm; also, numerous smaller brakes 
of various sizes are available so that practically any type of pro- 
pulsion gear, from battleship to motorboat, can be tested. 

The water brake is an ideal load-absorbing device for simulating 
shipboard operating conditions since the power absorbed by both 
the ship’s propeller and the water brake is proportional to the cube 
of their speed. To prevent unstable operation, however, it is 
essential that the water supply to the brake be maintained as 
steady as possible. A uniform water pressure is obtained at the 
laboratory through the use of large constant-level supply tanks 
mounted in the roof structure of the building. 

The accuracy of a water brake is limited only by the accuracy 
of the weighing device used to measure the reaction of the stator 
arm. The laboratory formerly used platform scales for this pur- 
pose. With properly calibrated scales, the over-all water-brake 
error should not exceed 0.2 per cent. During one of the larger 
tests in which a 35,000-hp water brake was used, numerous scale 
casualties occurred, due to water-brake vibration. In some in- 
stances the scales were wrecked after 2 or 3 hr of operation. In 
an effort to find a more rugged substitute the laboratory tried 
several different types of weighing devices which appeared to be 
suitable. After exhaustive tests two of them were found to 
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possess the required durability and accuracy. One of these de- 
vices consists essentially of a hydraulic pressure-indicating sys- 
tem. The reaction of the brake stator arm is applied to a piston J 
which is held in place by oil pressure. Since the oil pressure is 
proportional to the applied load, the latter can be determined by 
measuring the oil pressure with an accurate pressure gage. 
The pressure gage is calibrated to indicate the load directly in 
pounds, and is compensated for changes in temperature. 

The other weighing device used by the laboratory is similar |jj 
in some respects to the one just described, except that air is used |ff 
as the working fluid. In the pneumatic device the load is applied | 
to a diaphragm which is held in position by air pressure. A J 
pilot valve, actuated by movement of the diaphragm, regulates | 
the air-chamber pressure to keep the diaphragm in equilibrium. |f 
As the applied load decreases, air is bled from the chamber; as the |} 
load increases, compressed air is admitted from an external source. |} 
Load is indicated by an accurate pressure gage connected to the | 
air chamber. | 

Both the hydraulic and pneumatic weighing devices are fre- |} 
quently checked for accuracy by means of proving rings which 
have been calibrated by the National Bureau of Standards. The 
over-all accuracy of a water brake and its weighing device may | 
be tested statically by applying known torques to the water- | 
brake stator. In this method heavy test weights are suspended | 
from one end of a long lever, the other end of which is secured 
to the stator. 

Water-Brake Vibration. In addition to replacing platform |] 
scales with sturdier weighing devices, the laboratory modified | 
the 35,000-hp water brake to reduce its vibration. It was found 
that the frequency was 15 times the shaft speed. The brake, 
which was of the Froude type, had 15 rotor vanes and 16 stator 
vanes on each end. This combination was very satisfactory from 
the standpoint of torsional excitation, but was creating a bad | 
lateral excitation. It was decided that the vibration was being 
caused by unbalanced forces produced as the rotor vanes passed 
the stator vanes. The forces were unbalanced because the stator 
had an even number of vanes and the rotor had an odd number 
of vanes. Consequently the impulses occurred one at a time, 
without an equal and opposite impulse on a vane 180 deg away, 
and the unbalanced forces were transmitted to the foundations. 
Had both the rotor and stator been provided with even numbers 
of vanes the impulses would have occurred in pairs, diametrically | 
opposite, thus balancing each other as far as lateral excitation was 
concerned. 

The foregoing analysis proved to be correct. The 15 original 
rotor vanes were replaced with 18 new vanes, equally spaced on 
each end. The resulting combination of 18 rotor vanes and 16 
stator vanes eliminated the vibration troubles. It might be added | 
that the welded-plate construction employed in this brake was _ 
susceptible to erosion and corrosion, particularly at the welds. | 
In the vane modification just described stainless steel (25-20) 
welding rod was used and the welds have proved to be much 
more durable than the original carbon-steel welds. 

Although the water-brake-dynamometer method of testing 
gears closely simulates shipboard operating conditions, it has the 
disadvantage of requiring large prime movers capable of de- 
veloping all the power transmitted by the gears. The cost of 
boiler fuel alone is usually one half the total operating cost of the 
test. Another disadvantage is the difficulty of determining gear 
efficiencies.. To date, the laboratory has been unable to find a 
torsion meter capable of measuring the power input to the gear 
with the requisite degree of accuracy. The combined errors of 
the torsion meter and absorption dynamometer are usually of the 
same order as the gear losses. Attempts to determine gear losses 
by measuring the heat carried away by the lubricating oil have 
been only partially successful. 
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Torque-Test Arrangements. Many of the disadvantages in- 
herent in dynamometer testing may be avoided by using the 
torque-test setup. In this method two gear units are tested simul- 
taneously, with one unit loaded against the other. Several load- 
ing arrangements are possible, depending on the type of gear 
units being tested. The two arrangements used by the laboratory 
are the “‘front-to-front’”’ and the “back-to-back.” 

The front-to-front arrangement is shown in Fig. 2. Two gear 
units, one port and one starboard, are erected end to end so that 
‘the corresponding first-reduction pinions may be connected to- 
gether with torque bars. The torque bar connecting the pinions 
on the low-pressure-turbine side has a flange-type coupling at its 
mid-length to permit the application of torque to the gear units. 
Wrenches are used to twist the torque-bar flanges in opposite 
directions until the desired torque has been applied to the gear 
trains. The flanges are then bolted together and the gear units 

brought up to the desired operating speed. The turbine used to 
_ drive the gear units is usually coupled to one of the quill shafts 
which connect the first-reduction gears with the second-reduction 
pinions. A typical front-to-front torque test is shown in Fig. 3. 

The back-to-back test setup is similar to that just described, 
except that the gear units are arranged so that the bull gears of 
the port and starboard units may be coupled together as shown 


HIGH PRESSURE TURBINE SIDE 


LOW PRESSURE TURBINE SIDE 


Fie. 2 Front-To-FrRont Torquse-Tist ARRANGEMENT 
(Both units rotate in ahead directions.) 
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in Figs. 4and 5. Both torque bars are provided with adjustable 
couplings and the high-pressure and low-pressure turbine branches 
are loaded separately. This feature permits the load distribution 
between the two branches to be controlled; in the front-to-front 
arrangement both branches must transmit the same power. An- 
other advantage of the back-to-back method is that the bull- 
gear teeth can be loaded in the same direction by the pinions, 
thus simulating shipboard operating conditions. In the front- 
to-front method the pinions are loaded against the bull gear in 


HIGH PRESSURE TURBINE SIDE 


DRIVING 
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Fie. 4 Bacx-tro-Back Torqun-TEst ARRANGEMENT 
(Both units rotate in ahead directions.) 


opposite directions, causing the bull-gear teeth to be subjected 
to reversed bending. 

One disadvantage of the back-to-back method is the difficulty 
of connecting torque bars to the first-reduction pinions. Since 
the pinion couplings are on opposite ends of the two units, the 
pinions must be hollow to permit the torque bars to pass through. 
The gear cases also must be modified for the same reason. Gears 
usually can be set up for a front-to-front test without these 
difficulties. 

It should be noted that the expressions front-to-front and 
back-to-back have been used arbitrarily to specify the manner 


Fig. 3 Fronr-ro-Front Torqun TEsT oF DerstrRoyerR-Escort RepuctTion GEARS 
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Fic. 5(a) Bacx-to-Back Torque Trst or DestTROYER REDUCTION GEARS 
(Driving turbine shaft is at lower left; other turbine and two motors are for starting.) 


Fie. 5(6) Bacx-ro-Back Torqun Tust or Dustrorpr Reduction GEARS | 
(Showing torque bars, starting sheave and torsion-meter pickups.) 
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in which the rotating elements of two gear units are connected 
together for testing. Actually, these expressions merely indicate 
the relative positions of the units, and it is quite possible that the 
bull gears could be connected together in either arrangement : 
or even in a “front-to-back” arrangement. For all torque tests 
conducted at the laboratory to date it has been more convenient 
to use the back-to-back arrangement when the bull gears were to 
be connected together, and the front-to-front arrangement when 
they were not; hence the association of loading arrangement 
with relative position of the units. 

Both of the torque-testing arrangements just described permit 
accurate determination of gear efficiencies. The output of the 
driving turbine is measured by means of a torsion meter. Since 
this output represents only the gear losses, a small torsion-meter 
error of 1 or 2 per cent will not seriously affect the accuracy of the 
efficiency determination. In the case of the water-brake method 
of test, the turbine output represents the total power transmitted 
by the gears, and the same small torsion-meter error may be 
greater than the actual gear losses. Another obvious advantage 
of the torque-test setup is the comparatively small amount of 
power (and fuel) required to drive large gears at full power. 

Before the power transmitted by gears can be determined, the 
applied torque must be known accurately. It was found that 
the calculated torque (torque wrench length multiplied by ap- 
plied force) gave questionable results, due primarily to the static 
friction in the bearings and gear elements. Usually, the torque 
required to twist one half of the coupling was several times as 
great as that required to hold. the other half in place; also, the 
average of the two changed after the gears were run. 


Fic. 6 CaLiBRaTIon or StRAIN-GAGE Torsion METER 


Torsion Meters. 'To avoid these difficulties the laboratory uses 
torsion meters for measuring locked-in torque. One type that 
has given good results is the wire-resistance strain gage. This 
device can be installed on one or more of the quill shafts and re- 
quires only minor modifications to the gear elements. The 
shaft and strain-gage assembly is carefully calibrated as shown 
in Fig. 6. The strain-gage torsion meter has been particularly 
useful for measuring load distribution among the various trains 
of locked-train gear units. 

Another torsion meter used by the laboratory is of the Amsler 
type. It consists of an elastic torque shaft and concentric 
sleeve, fastened together at one end and free at the other. Rela- 
tive torsional displacement of the two elements at the free end is 
proportional to the applied torque. This device is installed as 
part of the regular torque bar, and a stroboscope 1s used to take 
readings while the gears are running. Both the strain gage and 
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Amsler torsion meters indicate that locked-in torque is a linear 
function of torque flange displacement. No such correlation could 
be established between torque flange displacement and calculated 
wrench torque. 

Torque Applier. One of the difficulties encountered in torque- 
testing large gear units is getting them started after the torque 
has been locked in. A tremendous external driving torque is re- 
quired to overcome the static friction of the bearings and gear 
elements. A typical starting arrangement is shown in Fig. 5(a). 
Two large motors and an auxiliary turbine are geared to three of 
the quill shafts through clutches. Fig. 5(b) shows a starting 
sheave between the low-speed-shaft flanges. Once the gears are 
rotating and adequate lubrication has been established, the regu- 
lar driving turbine can carry the load. 

More serious than the difficulty of getting the gears started are 
the abnormal friction loads imposed during starting. Some of 
the laboratory’s gear tests have required the locking-in of torques 
greater than 300 per cent of the designed full-power torque. These 
severe starting conditions have caused a considerable amount of 
uncertainty in evaluating damage sustained by bearings and gear 
elements. One could not be sure whether the damage occurred 
during running or while starting. 
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Fie. 7 Hyprauric Torqup APPLIER 


The ideal situation would be to bring the gears up to speed 
under no load and then to apply the desired torque. This prob- 
lem, like many others, was solved by the Navy Gear Industry 
Committee, whose Gear Testing Sub-Committee designed a hy- 
draulic torque applier which accomplished the desired result. 
This device, shown in Fig. 7, consists of an oil-operated piston 
whose axial movement causes relative torsional displacement be- 
tween a pinion and its shaft. The torque-applier unit rotates 
with the pinion and shaft; actuating oil is supplied under pres- 
sure through a rotary shaft seal. This unit has performed very 
satisfactorily and similar units will be used on future torque tests. 


Trst PROCEDURES 


When the present gear-testing program was being planned, it 
was generally agreed that one of the best methods of determining 
the weak points of a gear was to operate it at progressively in- 
creasing loads until failure occurred. As a result, most of the 
gears tested at the laboratory ultimately have been run to de- 
struction. 

During the erection and operation of a gear test, every effort 
is made to eliminate all variables except those under investigation. 
This policy was adopted after much discussion concerning the 
practicability of attempting to reproduce and evaluate in the 
laboratory all the variables associated with actual shipboard 
operating conditions. It was reasoned that if gear performance 
could be evaluated under ideal conditions, the results would 
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provide valuable criteria for comparing and predicting per- 
formance under shipboard service conditions. The problem of 
achieving an ideal installation aboard ship would be greatly 
facilitated if accurate information were available concerning the 
optimum performance under ideal laboratory conditions, and 
the effects of various departures therefrom, such as foundation 
distortion when a ship is in a rough sea. 

In the laboratory the gear units are secured to the iron-slab 
test floor as rigidly as possible to prevent foundation distortion. 
Alignment receives special attention; first the gear cases and 
bearings are carefully aligned with the rotating elements re- 
moved. After the gears have been assembled, all meshing ele- 
ments are checked for proper tooth contact. Prior to operation 
all elements are inspected, photographed, and measured. Meas- 
urements include the thickness and surface finish of designated 
teeth so that wear and damage may be evaluated during future 
inspections. 

Lubricating-Oil System. Experience has shown that it is de- 
sirable for each gear unit to have an independent lubricating-oil 
system. While this is impracticable aboard ship, the laboratory 
installs separate systems for the gears, driving turbine, and dyna- 
mometer. These systems are in the form of semiportable units, 
consisting of two pumps (one steam and one electric), magnetic 
strainers, spiral bag filters and a cooler, all mounted on a large, 
rectangular tank. The electric stand-by pump is set to cut in 
automatically in case the steam pump fails. After each period 
of operation, the lubricating oil is pumped to a settling, tank, 
heated, and renovated by means of centrifugal purifiers. Except 
for a few designs requiring special lubricants, all gears have been 
tested with standard Navy turbine oil, Symbol 2190T. 

Instrumentation. The instrumentation for most gear tests 
is quite elaborate, with particular emphasis being placed on tem- 
perature measurement. Temperatures of oil to and from bear- 
ings and meshing elements are measured by calibrated mercury- 
in-glass thermometers, resistance thermometers, or thermo- 
couples, depending upon the accuracy desired. Recorders em- 
ployed are both single and multiple-point of the direct-current 
potentiometer type for thermocouples and of the Wheatstone- 
bridge type for resistance thermometers. Thermocouples are 
particularly useful for measuring temperatures in inaccessible 
places. The laboratory has not been able to develop a completely 
satisfactory method for measuring the temperatures of rotating 
surfaces, such as the planet-gear bearings of planetary-type gear 
units. Various combinations of slip rings and thermocouples 
have been tried and found unsatisfactory. A substitute method 
which has given good results consists of measuring the tempera- 
ture of the oil as it is thrown from the moving bearings. A small 
stationary cup containing a thermocouple is mounted inside the 
gear case so that oil samples are entrapped and measured each 
time a bearing passes by. 

The quantity of oil to each gear unit is measured by positive- 
displacement-type meters equipped with self-venting air elimi- 
nators. The flow to individual bearings and sprays is usually 
measured by rotameters similar to that shown in Fig. 8. Since 
the rotameter case is made of glass, the oil passing through may 
be inspected for such things as air bubbles, cleanliness, and color. 

Safety Devices. Testing large machinery units to déstruction 
involves a certain amount of risk to personnel as well as to mate- 
rial. Needless to say, one of the laboratory’s primary considera- 
tions in any test is safety, and many devices and procedures 
have been developed for this purpose. Since most gears fail 
while being driven at or above, their full power rating, it is im- 
perative that the driving turbine be prevented from running 
away when its load is suddenly removed. Some of the labora- 
tory’s smaller turbines, such as those designed for turboelectric- 
drive ships, are equipped with governors which, if maintained 


Fie. 8 RovTaMETER 


properly, are adequate. Most of the larger turbines have been 
designed for manual control, and require the addition of over- 
speed protective devices before they can be used safely for test 
purposes. 

After experimenting with several types of overspeed trips, the 
laboratory adopted an electrical system which has proved to be 
dependable, simple to operate, and adjustable over a wide range | 
of speeds. In the steam line ahead of the turbine throttle valve 
is installed a solenoid trip valve, actuated by a small, 3-phase, 
alternating-current generator connected to the turbine shaft. 
Between the generator and solenoid valve is an adjustable relay 
whose operation depends upon the frequency of the generator | 
output and is not affected by variations in voltage. This system 
not only provides reliable overspeed protection but is useful for 
other purposes. Turbine speeds are measured accurately by con- 
necting tachometers and revolution counters to the generator 
output. Another application for this generator was found during 
a clutch test, where a friction-type clutch was installed between 
two turbines, and it was desired to determine whether the clutch 
was slipping while transmitting power at 3000 rpm and, if so, 
whether the slippage was intermittent or continuous. To each 
turbine shaft was attached a generator, one phase of which was 
connected to a cathode-ray oscilloscope. The vertical sweep of 
the oscilloscope was connected to one generator and the horizontal 
sweep to the other. The resulting pattern was such that slippage 
of only a fraction of a revolution could be detected, regardless of 
the clutch speed. 

One of the problems associated with analyzing the causes of 
gear failures is that of stopping the gear as soon as failure com- 
mences, before the damage spreads to other parts of the unit. 
Most gear and bearing failures at the laboratory have occurred 
with little or no advance warning. In the case of bearing failure, 
the lubricating oil from the element concerned usually shows a 
slight temperature rise a few seconds before a casualty occurs, 
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Fie. 9 Protective Armor ARouND DerstroyEerR-Escort Guar Units 


followed by a large temperature rise as the damage spreads. 
Formerly, the laboratory installed alarm systems in the lubri- 
cating-oil return lines from bearings and meshing elements, so 
that the operators could be warned to stop the test. This proved 
inadequate, and several gears were completely wrecked before 
their turbine throttle valves could be closed. A solution for the 
problem was then found in an automatic system which required 
no action on the part of the operators. Thermocouples, in- 
stalled in strategic locations throughout the lubricating-oil 
system, are connected through relays to the solenoid valve ahead 
of the driving turbine. If adjusted properly, the thermocouples 
actuate the solenoid valve and stop the turbine when normal 
operating temperatures are exceeded by more than a few degrees. 
In this arrangement the solenoid valve can be tripped by either 
the thermocouple relays or the overspeed relay, and neither sys- 
tem interferes with the other. 

Other laboratory safety precautions include the erection of 
protective armor plating around highly loaded gear units, as 
shown in Fig. 9. Its only value to date has been psychological, 
since all damage has been confined by the gear cases. 

Inspection. Normal test procedure consists of operating the 
gears continuously at constant torque and speed for some pre- 
determined period, usually from 24 to 100 hr. The load is then 
increased for each subsequent period until failure occurs. At the 
end of each operating period the gears are dismantled. and in- 
spected carefully for signs of distress. Inspection includes meas- 
urements for wear, photographs, and Faxfilm impressions of se- 
lected surfaces. The latter procedure has been especially useful 
in following the progress of tooth-pitting. 

Faxfilm consists essentially of a small plastic film upon which is 
reproduced the surface being investigated. One side of the film 
is softened by use of a solvent so that when it is pressed against a 
hard surface an impression of the surface will be made on the 
film. The film may then be placed in a projector and magnified 
to approximately 100 diam. A typical Faxfilm enlargement is 
shown in Fig. 10. 


Test RESULTS 


Due to the large diversity of designs and characteristics of the 
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gears tested to date the results have varied between wide limits. 
However, each test has furnished valuable information which 
may be applied to future designs. In general, it may be stated 
that the tooth loadings permitted by Navy specifications during 
World War II were conservative and can be increased without 
compromising reliability. This statement can be illustrated best. 
by describing a typical gear test. 

Destroyer-Escort Gear Tests. Commencing in July, 1945, the 
laboratory conducted a series of torque tests on two standard 
destroyer-escort reduction-gear units. The initial purpose of the 
tests was to determine the influence of material and manufac- 
turing processes on the load-carrying capacities of representative 
naval reduction gears. 
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Both gear units, obtained from Navy surplus equipment, had 
been manufactured by normal production methods from the same 
general designs, so that units built by different manufacturers 
were interchangeable. The gear teeth of the starboard unit had 
been cut by the hobbing process, with no further finishing. The 
teeth of the port unit had been produced by a shaping process in 
which the teeth are generated by a reciprocating gear-shaped 
cutter. The surfaces of the shaped teeth had then been finished 
by lapping, with the result that they were somewhat smoother 
than those of the plain hobbed teeth. 

Each double-reduction unit contained two gear trains, one for 
the high-pressure turbine, and one for the low-pressure turbine, 
with a common low-speed gear, and had been designed in accord- 
ance with Navy specifications to transmit 6000 hp at a propeller 
speed of 400 rpm. 

The units were coupled together for torque testing in a front- 
to-front arrangement shown in Figs. 2 and 3. A strain-gage tor- 
sion meter was installed on the port high-pressure quill shaft to 
determine locked-in torque, another on the driving-turbine shaft 
to evaluate power losses. Torque was applied by means of 
wrenches. 


Fie. 11 Hoxssep Butt Gear AFTER 150 Per Cent Run 


Hobbed Gear Loaded Against Shaped and Lapped Gear. The 
gears were operated in 100-hr runs with the locked-in torque being 
increased for successive runs. All overload-capacity runs were 
conducted at the nominal full-power speed, i.e., a bull-gear speed 
of 400 rpm. At the end of the 150 per cent full-power run, tooth- 
pitting appeared on the hobbed bull gear, see Fig. 11. With the 
load at 150 per cent full power, three additional 100-hr runs were 
made; the pitting increased during the first two but appeared to 
have stabilized during the third. The shaped bull gear showed 
only slight pitting. 

During subsequent runs the torque was increased in 15 per cent 
increments until 225 per cent full power was reached; thereafter 
25 per cent increments were used. At the end of the 275 per cent 
full-power run the appearances of the shaped and hobbed bull 
gears were as shown in Figs. 12 and 13, respectively. The shaped 
teeth were still in excellent condition while the hobbed teeth were 
badly pitted. 

Three runs were made at 300 per cent full power, followed by 
another at 325 per cent. At the end of the 325 per cent run, the 
shaped bull-gear teeth appeared to be in good condition although 
many of them were discolored by a brown stain, later found to 
be caused by fretting corrosion originating in fatigue cracks in the 
root fillets, see Fig. 14. The hobbed bull-gear teeth were still 
pitting, as indicated in Fig. 15. 
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Fia. 12 SHapep Butt Gear AFTER 275 Par Cunt Run 


Fie. 13 Hossep Butt Gear AFTER 275 Per Cunt Run 


Fie. 14 Suaprp Butt Guar AFTER 325 Per Cunt Run 
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Fic. 15 Hossep Burt Guar Arter 325 Per Cunt Run 


SHarep BuLut GEAR AND PINIONS AFTER FAILURE 


Fia. 16 


A second 325 per cent run was begun but the shaped bull gear 
failed after 771/. hr due to tooth breakage. Fig. 16 shows the 
shaped bull-gear and second-reduction pinions after the casualty. 
The surfaces of these teeth were still in good condition but fatigue 
cracks appeared in most of the fillets, as evidenced by fretting- 
corrosion marks. It was found that fretting-corrosion marks 
indicate tooth cracks more effectively than either magnaflux or 
zyglo equipment, and are positive signs of incipient failure. 

Although both bull gears had been subjected to the same tooth 
loads for the same number of reversed bending cycles (about 
38,000,000), the hobbed teeth showed no signs of impending 
breakage. The fillet radius of the hobbed teeth was 1/ in., while 
that of the shaped teeth was only 3/s, in.; also, the shaped teeth 
contained well-defined toolmarks at the roots. It was believed 
that both the toolmarks and small fillet radius contributed to 
fatigue failure. 

Hobbed Gear Loaded Against New Shaped and Lapped Gear. 
A new shaped (and lapped) bull gear and second-reduction pinions 
were installed in the port unit for further testing. Since all first- 
reduction elements were still in excellent condition, and the 
hobbed. bull gear was still serviceable, no other changes were 
made. To investigate the effects of toolmarks on gear-tooth per- 
formance, the tool marks along the tooth fillets were partially re- 
moved by hand-grinding; lack of facilities prevented complete 


removal. 
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Since there had been considerable discussion concerning the 
effects of work hardening on tooth surfaces, it was decided to omit 
the customary low-power runs and to compare the pitting re- 
sistance of the new bull gear at high loads with that of its 
predecessor. Accordingly, the first run was made at 263 per cent 
full power. An inspection then failed to disclose any change in 
the tooth surfaces, indicating that the usual lower rate runs had 
little effect on the pitting resistance of shaped and lapped gears. 
Had the teeth pitted badly, the value of work-hardening runs at 
lower powers would have been demonstrated. Unfortunately, 
the test was not conclusive because the gear had been subjected 
to running-in operation at the factory. 


Fie. 17 New SHarep Butt Gear Arrer 322 Per Cent Run 


At the end of the 295 per cent run a few small pits appeared on 
the shaped bull-gear teeth; the original hobbed bull-gear teeth 
were getting progressively worse but were still serviceable. The 
next run, conducted at 322 per cent full power, resulted in the ap- 
pearance of fretting corrosion marks at the roots of the shaped 
bull-gear teeth, see Fig. 17. Because tooth breakage was im- 
minent, the damaged gear was removed from test. The original 
hobbed gear was still capable of sustained operation. 

Hobbed Gear Loaded Against Hobbed and Shaved Gear. By 
now it appeared that a gear possessing the beam strength of the 
hobbed teeth and the pitting resistance of the shaped and lapped 
teeth would be very successful indeed. Since no such combina- 
tion was immediately available, it was decided to investigate the 
performance of a hobbed gear whose tooth surface finish had been 
improved by shaving. In the shaving process the gear is run 
in mesh with a small gear-like tool whose teeth are serrated with 
numerous small cutting edges; the cutting edges are set at an 
angle so that they will “shave” a small amount of material from 
the surfaces of the mating gear teeth as the teeth of the gear and 
shaving cutter slide in and out of contact. This finishing process 
was applied to a hobbed bull gear and second-reduction pinions 
which happened to be available, and they were then installed in 
the port unit. The port first-reduction elements and all star- 
board elements were left intact. 

During the first 100 hr the load was increased progressively to 
150 per cent full power. Subsequent runs were conducted for 
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Fig. 18 Swavep Butt Gear Arrer 200 Per Cent Run 


Fic. 19 SHavep Butt Gear ArrerR 325 Per Cent Run 


100 hr each with the load being increased in increments of 25 per 
cent full power. Slight pitting appeared on the shaved bull-gear 
teeth at the end of the 150 per cent full-power run and slowly 
increased as the load was raised. Fig. 18 shows the teeth at the 
end of the 200 per cent full-power run. The appearance of the 
same teeth after the 325 per cent full-power run is shown in Fig. 
19. In addition to progressive pitting, there were galling and 
rolling, with knife-edges on the tops of most of the teeth. The 
tooth surfaces of the hobbed bull gear were badly deteriorated, 
but still serviceable. 

At this point a hydraulic torque applier was installed, thereby 
eliminating the difficulty of starting the units with locked-in 
torques greater than 325 per cent full power. The units were 
then brought up to speed and operated for 100 hr at 341 per cent 
full power. Inspection at the end of this run revealed that the 
shaved gear, like its predecessors, had succumbed to the pace 
set by the original hobbed gear of the starboard unit. The 
familiar brown radial stains, peculiar to fretting corrosion, ema- 
nated from cracks in every shaved tooth. At the ends of some 
teeth the cracks extended completely through the teeth, as shown 
in Fig. 20. \ 

Although the original hobbed bull gear had succeeded in de- 
stroying three running mates, its last victory had not been an 
easy one. As shown in Fig. 21, a piece approximately 21/, in. 
long had broken from one tooth and fatigue cracks were found 
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Fig. 20 Swavep Butt Gear ArrerR 341 Per Cant Run 


Fie. 21 Oriernat Hosppep Butt Gear AFTER 341 PaR Cant Run 


in three others. This gear had operated for 2953 hr at various 
loads up to 341 per cent full power, and was still capable of running 
at ful] power. However, it was decided to replace the second-re- 
duction elements of both the port and starboard units with new 
elements of special designs, manufactured by experimental proc- 
esses. These tests are in progress at the present time. 

The purpose of the foregoing review of a typical gear test was 
to show the severe treatment that a conventional naval reduction 
gear can withstand. For this reason no attempt was made to 
present such details as the evaluation of test results, a discussion 
of the first-reduction elements, the influence of load and other 
factors on efficiency, and the performance of couplings and bear- 
ings. It might be of interest to point out that all runs were made 
without a bearing failure, notwithstanding the fact that they were 
subjected to heavy overloads. (There were two instances in 
which minor wiping of locating thrust bearings occurred—prob- 
ably while starting under load.) No sign of tooth distress ap- 


peared on either hobbed or shaped first-reduction gears and 
pinions. 


CoNCLUSION 


Much important information is being obtained from the labora- 
tory’s gear-testing program. This information would have only 
limited value, however, unless it were placed in the hands of those 
who design and build the Navy’s reduction gears. Also, the in- 
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formation would be practically useless unless it were new and 
served to advance existing knowledge of the art. 

In setting up a program to improve its reduction gears, the 
Navy sought help from those best qualified to give it—members 
of the gear industry. Their enthusiastic response led to the es- 
tablishment of the Navy Gear Industry Committee, whose mem- 
bers represent the leading marine propulsion-gear manufacturers 
of the United States. This committee, through its Gear Testing 
Sub-Committee, has advised and guided the laboratory through 
every major gear test performed to date. At this time the 
author would like to pay special tribute to those members of the 
sub-committee who started in 1944, and are still working on the 
laboratory’s testing program; they are: Mr. L. J. Collins, of the 
General Electric Company; Mr. H. Engvall, of the De Laval 
Steam Turbine Company; Mr. E. Gasser (later succeeded by Mr. 
N. L. Shaw), of the Farrel-Birmingham Company; and Mr. 
H. W. Semar, of the Westinghouse Electric Corporation. 

Members of the sub-committee meet once a month to discuss 
- and evaluate current test results, review agenda for new tests, 
_and make plans and recommendations concerning the objectives 

and procedures for future tests. In addition to the regular mem- 
bers, every third sub-committee meeting is attended by approxi- 
mately 40 representatives from various activities having interests 
in gear problems. A typical meeting will include representatives 
from the fields of metallurgy, lubrication, automotive gearing, 
aircraft gearing, and marine engineering, as well as from educa- 
tional institutions and laboratories. The Navy is extremely for- 
tunate in having men like these contribute their knowledge and 
services to the solution of its problems. 

Today the Navy is engaged in a research and development 
program embracing many phases of science and engineering. 
Whatever the advances made in ships’ propulsion machinery, 
prime movers of the future probably will rotate at speeds even 
higher than those currently employed. Thus there will still be 
a need for means of efficiently reconciling high prime-mover 
speeds with low propeller speeds. The propulsion-gear develop- 
ment program, now in progress at the Naval Boiler and Turbine 
Laboratory, is designed to fill this need. 


Discussion 


Harry neva.’ The gear-testing program undertaken by 
the Navy, as discussed in the author’s paper, is an outstanding con- 
tribution to the art of gear building. The tests are planned and 
executed in a scientific manner with adequate instrumentation to 
insure that all possible information is obtained from each test. 
The scale on which this program is carried out is of such magni- 
tude that no private organization could hope to undertake it. 
The information already obtained corresponds to that resulting 
from many years of normal development. With all information 
made available to the gear industry as a whole, we can look for- 
ward to better gearing much sooner than would otherwise be 
possible. 

The author has very ably described the testing facilities availa- 
ble at the Naval Boiler and Turbine Laboratory and no com- 
ments on this part of the paper seem called for, except to note 
that the list of equipment is indeed impressive. 

The safety devices employed by the laboratory during the 
testing of gears have in their final development proved themselves 
to be very effective. Their proper functioning has at various 
times resulted in confining the damage resulting from minor 
failures to the parts involved and prevented extensive damage or 
complete wreckage from occurring. 

Jn the description of the destroyer-escort gear test, the author 
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compares hobbed gears with shaped and lapped gears. The 
method used to produce the gears is not what really counts, but 
rather, the tooth form and surface finish produced determine 
the performance of a gear. In the tests described, the hobbed 
gear had generous fillets at the root of the teeth and therefore 
the teeth were appreciably stronger than the teeth in the shaped 
gear which had very small fillets at the roots of the teeth. The 
surface finish of the teeth in the hobbed gear was exactly as pro- 
duced by the gear hobber; whereas, the tooth surfaces of the 
shaped gear had been finished very carefully after the teeth had 
been cut and therefore would withstand higher loadings before 
pitting or other surface failures would occur. 

When running overload tests on gears, it must be understood 
that the surface stresses and bending stresses do not increase in 
the same proportion, since the contact stresses which cause pitting 
increase in proportion to the square root of the load (the contact 
area increases with load), and the bending stresses increase di- 
rectly with load. Therefore in the tests run at 325 per cent load, 
the contact stress was only 187 per cent of normal full-load stress, 
while the bending stress was 325 per cent of normal. : 

It should be noted that, although the hobbed and shaped gears 
were subjected to the same total tooth loading, the load per inch 
of face was higher in the hobbed gear than in the shaped gear 
because of the wide gap between the two helices. 

The effect of tooth form on bending stresses is considerable, 
and using established formulas as given in AGMA Standard 
220.01 and stress-concentration factors based upon a paper by 
T. J. Dolan and E. L. Broghamer,‘ the comparison of the stresses 
in the two types of fillets shows the following: 


(a) The mean bending stress of the small fillet tooth was 135 
per cent of the stress in the full fillet tooth. 

(b) The peak bending stress for the small fillet tooth was 140 
per cent of the stress in the full fillet tooth. 


The foregoing comparison is based on the same quality of 
finish in the fillets of both tooth forms. With definite toolmarks 
present in the smaller fillets, an even greater difference in resist- 
ance to breakage, than just mentioned, is to be expected between 
the two tooth forms. 

It is to be hoped that the Navy will continue its gear-testing 
program at least until a number of fundamental questions are 
answered. For example: What size tooth is best for a given 
application taking into account strength, wear resistance, noise, 
etc.? What relationship exists between load-carrying capacity 
and speed? How does the load-carrying capacity of a speed re- 
ducer compare with that of a speed increaser? ‘There is no doubt 
that the interest and ingenuity shown by the personnel of the 
Naval Boiler and Turbine Laboratory will result in further rapid 
progress toward solving the many problems that are encountered 
in connection with design of modern gearing. 


H. C. E. Meyer.’ As one who has had the opportunity of 
firsthand knowledge of the full-scale testing of marine propul- 
sion gears at the Naval Boiler and Turbine Laboratory, it is a 
pleasure to commend the author on an able presentation of this 
important phase of investigations, conducted under the auspices 
of the Bureau of Ships, Navy Department. The contributions 
to the advancement of marine propulsion-plant design by the 
Naval Boiler and Turbine Laboratory are of great value. 

The development of the hydraulic torque applier described in 
the paper is particularly interesting. As a point of information, 
do the data developed up to now indicate that the torque-testing 


4A Photoelastic Study of Stresses in Gear Tooth Fillets,” by 
T. J. Dolan and BE. L. Broghamer, Bulletin No. 31, University of 
Illinois, Urbana, Ill., March 24, 1942. 

5 Gibbs & Cox, Inc., New York, N. Y. Mem. ASME. 
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method may ultimately be superior to the dynamometer-test- 
ing method, when the techniques of the former method have been 
perfected? The small amount of power and fuel required for driv- 
ing, and the possibility of accurate determination of gear efficien- 
cies seem to present decided advantages. 


H. W. Semar.* The real need for testing on the scale carried 
out at the Naval Boiler and Turbine Laboratory was long 
recognized by the gear builders as well as by the Navy. Hence 
we were not only willing but eager to co-operate and to assist in 
every way possible, so that the tests would yield a maximum of 
information. 

On gears of this size the manufacturer is limited to nondestruc- 
tive testing. He can carry out acceptance tests to rated power 
and some overload but cannot afford to risk a test which might 
result in the loss of a complete train of gears. 

Another reason for the full-size test is that the tooth-stress 
limits which can be readily determined on smaller gears cannot 
be extrapolated to the larger dimensions, greater loads, and higher 
peripheral speeds of main propulsion gears. For instance, in the 
destroyer-escort test described in the paper, some pitting took 
place on second-reduction gears at 150 per cent load, while the 
first-reduction gears, just as highly stressed at normal power 
and with much higher velocity, carry 341 per cent load without 
surface distress. This result simply could not have been pre- 
dicted on the basis of experience or test with smaller units. 

From our experience with large gears, we know that there is a 
decidedly greater tendency to pitting on the lower-speed second 
reduction than on the higher-speed first reduction. In this case, 
a phenomenon which has been difficult to understand has been 
brought under laboratory scrutiny. 

The author reports the 341 per cent load carried by the de- 
stroyer-escort gears as an illustration that tooth loadings can be 
increased. This overload should not be taken as a measure of the 
amount to which the rated load ean be increased. The degree 
that power can be increased can be determined only by evaluating 
all of the variables associated with actual shipboard operating 
conditions. This point is made early in the paper, but it is one 
that the writer believes deserves special emphasis. 

Much can be learned about some factors which influence gear 
performance by relatively inexpensive means. For instance, 
tooth materials can be investigated by roller tests to determine 
their relative resistance to wear and pitting. Other factors may 
be studied analytically. But these means yield limited informa- 
tion. 

The final proof of a gear unit must be its performance in actual 
service, for there alone can it be subjected to every combination 
of stress which it must withstand. However, there are practical 
limitations to studying every variable under service conditions. 

Full-size laboratory tests likewise have limitations. But when 
these limitations are understood and the tests are planned to 
supplement other sources, then only will valuable basic informa- 
tion be gained. 


L. J. Couins.7 The author has presented in concise form the 
outstanding accomplishments of the subject tests. The writer 
feels it can be stated without reservations that the information 
gained by these tests has advanced the design of gears many 
years ahead of what could have been expected had these tests 
not been made. 

It should be appreciated by the readers of the subject paper 
that further analysis must be made. For instance, since all 


6 Westinghouse Electric Corporation, South Philadelphia Works, 
Steam Division. 

7 Division Engineer, Gear Engineering Division, General Electric 
Company, River Works, Lynn, Mass. Mem. ASME. 
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first-reduction elements were without distress, we must deter: 
mine the reasons why this was so. 

At the beginning of these tests we had anticipated distress 01 
bearings and flexible couplings. However, these elements per- 
formed their functions without incident. | 

The author points out that these tests were laboratory tests 
on full-size units. Since this is true, then we know how units] 
will perform under ideal conditions. If in actual service, simila It 
units do not duplicate these results, then we know that variables}, 
are present, and we are in a better position to evaluate the cause) 
and effect. | 

As a native born citizen of the United States, the writer is} 
appreciative of the service the Navy rendered in World War If) 
and for the farsighted programs similar to that described by 
the author, which have been undertaken by the Navy for the} 
mutual benefit of all. 1 | 


i} 


We 

H. M. Keyns.? The writer feels that those who build gears} 
of the size described, should be quite thankful that there arc 
facilities in this country for full-scale testing. In general, there 
are few, if any, companies which could afford to make tests off 
such magnitude at their own plants. The cost of running gears} 
for hundreds of hours would be almost prohibitive for a private} 
concern, particularly the straight-through tests where the tur 
bine supplies the rated gear horsepower. It is true that ther 
Navy has a special purpose in its research—it needs heavil | 
loaded gears. It is likewise true that taxes on the people andl 
industry provide these facilities. Nevertheless, from the results}! 
of these tests the manufacturer obtains information which addsiq 
to his stockpile and eventually benefits him on other than Navy 
gears. 
To give some conception of the amount of work and care with}} 
which the tests are carried out, reference is made to one testjfi 
in which torque-meter readings were taken over an 81-hr period} 
at 6-min intervals. This test was made at full speed of the gear] 
unit and a torque load of 300 per cent of designed full torque. To i 
show the consistency of the strain-gage meter, an average wae 
struck through the readings, and the deviation above and below | 
this average was found to be 0.44 per cent, i.e., less than onel} 
half of one per cent. I 
In order to give a rough idea of the relative loading during i} 
the 38,000,000 cycles to which the author refers, it should be noted I 
that some 35,000,000 of these loadings were above 100 per cent} 
torque and, of these, 20,000,000 were above 200 per cent torque. || 
Further, with reference to the gear-unit loading, it seems in} 
order to mention the first reduction elements and how they stood | 
up under the tests. The K-factor on the first reductions was} 
essentially the same as that on the second reductions, while the} 


pitch-line speed was some 21/; times that of the second redue- 
| 


— 


f 
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tions. These elements did not show any distress, even though || 
the number of cycles of loading were considerably greater than |{ 
that on the second reductions. More explicitly, at the time of i 
breakage, the first-reduction gears had sustained approximately | 
207,000,000 repetitions of load with some 187,000,000 of these at} 
torques above 100 per cent, and out of these 110,000,000 loadings } 
were above 200 per cent torque. For the high-speed Pinions, the} 
number of cycles was approximately 4 times the figures just | 
quoted or about 800,000,000 cycles. : 
The absence of distress possibly might be explained by dynamic } 
loading. The actual dynamic load may reach several times the | 
calculated load as a result of deformation of the teeth and error | 
in tooth form or spacing. Both reductions are of course subject 
to dynamic load. However, the time interval between successive 
contacts is considerably shorter in the case of the first reductions. 


8 Turbine Division, Elliott Company, Jeannette, Pa. Mem. 
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Mr. Buckingham has pointed out in one of his papers that if 
here is sufficient time interval between successive contacts, 
here are two peak loads for every tooth contact. As the speeds 
nerease so that the time interval between contacts is decreased, 
here will not be time for the double load cycle. As the time 
oterval becomes less, the intensity of the single-impulse load be- 
omes less, which may be why our first-reduction element per- 
ormed so well. 

Finally, it is desirable to mention the increased efficiency ob- 
ained by loading the gearing somewhat closer to its strength 
imitation. At 300 per cent torque, the per cent power loss de- 
reased by 2.7 per cent over the per cent power loss at 100 per 
ent torque. 


AUTHOR’s CLOSURE 


The author wishes to express his appreciation to the discussers 
or their thoughtful and well-prepared contributions. Their 
lews are particularly pertinent to this subject because all of 
hem are prominent designers of marine gearing and oe 
nachinery. 

Mr. Engvall has pointed out correctly that the performance of 
, gear is determined by the characteristics of its teeth rather than 
yy the method in which they were produced. None of the gear 
ests conducted to date at the Naval Boiler and Turbine Labora- 
ory has indicated that there is any single best method of pro- 
lucing gears. The destroyer-escort gear test described in the 
aper is only one of many tests conducted with gears of various 
lesigns and produced by several different methods. The surface 
nish, fillet radius, and other characteristics of the destroyer- 
scort gears are not necessarily inherent in the methods by which 
hey were produced. 

All of the development tests at the laboratory are directed 
oward determining the optimum characteristics of marine 
ropulsion gears. So far, the data have been useful for all 
1ethods of producing gears, and it is hoped that this will con- 
inue. Mr. Engvall mentioned a few of the fundamental ques- 
ions for which the laboratory is seeking answers. Although 
10st of the answers are not yet in sight, it is felt that progress is 
eing made on many of them. Regarding the relative perfor- 
1ance of speed reducers and speed increasers, the tests at the 
uboratory have indicated that at high overloads the tendency 
or the speed increasers to show distress first is accentuated. 

Mr. Meyer’s question concerning the relative merits of torque- 
esting and dynamometer-testing is one that has received much 
budy and discussion. There is no doubt that the two setups 
spresent two different dynamic systems, both of which are 
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different from the mass-elastic system of a shipboard installation. 
The dynamometer method approaches shipboard operating 
conditions more closely than the torque method. For example, 
in the latter arrangement it usually is necessary to load one unit 
ahead and the other astern, while some of the trains act as in- 
creasers and others as reducers. From a practical viewpoint, 
torque-testing requires two, two-branch gear units of opposite 
hand but identical in all other respects. Otherwise, a special 
gear train would have to be provided to complete the “four- 
square” loading arrangement, and probably could not be used 
for testing other gears of different characteristics. It thus lacks 
the versatility of the dynamometer. 

In comparing the two methods of testing gears, the author 
feels that it is not a question of which reproduces shipboard 
operating condition the more realistically, but rather, how valua- 
ble is each as a criterion for evaluating gear performance in 
the laboratory, in terms of shipboard-service requirements? 
Based upon the performance of the same gear when tested by 
both methods, and upon machinery performance records from 
the fleet, the author is of the opinion that both the torque and 
dynamometer tests yield valuable data and will continue to be 
used. The choice of method for a particular gear test will de- 
pend upon several considerations, such as the purpose of the 
test, type of gear to be tested, availability of test facilities, proba- 
ble duration of test, and the availability of funds. 

All of the foregoing comments, and indeed the fundamental 
concept of testing gears, are summarized very succinctly in the 
last two paragraphs of Mr. Semar’s discussion. Although full- 
size laboratory tests do not reproduce all the variables encount- 
ered in shipboard service, these test results, when evaluated prop- 
erly and judiciously applied, provide a powerful tool for the gear 
designer. 

The author is indebted to Mr. Keyes for presenting in his 
discussion the interesting data regarding the relative performance 
of the first- and second-reduction elements. As a naval officer 
during the war, Mr. Keyes played an active part in organizing 
and building up the Navy’s gear development and testing pro- 
gram. 

At the risk of oversimplification, the development testing of 
gears at the Naval Boiler and Turbine Laboratory may be des- 
cribed as exchanging dollars for data. Although many dollars 
have been spent to date, the data obtained have pointed the way 
toward saving many times their cost in future propulsion mach- 
inery. Thus, in addition to the military value of these develop- 
ments—to which no dollar mark can be assigned—it is to the 
Navy’s economic advantage to spend some of its increasingly 
limited funds for useful technical data. 


The Parallel Development of Heavy Self- 
~ Contained Hydraulic Presses in the 
United States and Great Britain 


By F. H. TOWLER,! RODLEY, NEAR LEEDS, ENGLAND 


The object of this paper is to survey the parallel develop- 
ment of heavy self-contained hydraulic presses in the 
United States and Great Britain in the hope that an ex- 
change of ideas may be helpful to future development in 
both countries. The self-contained press has been made 
possible by the development of a compact high-speed 
pump using oil as the hydraulic medium; and the con- 
struction of the pump has a considerable influence on the 
design of the press. In the United States the tendency has 
been to use pumps of the rotary-valve type operating at a 
maximum pressure of about 3000 psi, with a comparatively 
thick oil of around 300 Saybolt at 100 F. In Great Britain 
there is a growing tendency to use pumps of the seated- 
valve type capable of a working pressure of 7000 psi, and 
using a thin oil of 60 Saybolt at 100 F. The relative ad- 
vantages and disadvantages are discussed. 


T is the object of this paper to survey the parallel development 
l of heavy self-contained hydraulic presses in the United States 

and Great Britain, for there seems to be no doubt that our two 
countries have been first and foremost in the development of that 
type of press. It is a development which at the outset involved a 
change from the water-hydraulic system to the oil-hydraulic 
system, and consequently the shortage of oil immediately prior 
to and during the war constrained Germany to retain the water- 
hydraulic system. At any rate there is no evidence of a compara- 
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ble development in Germany in so far as heavy hydraulic presses 
are concerned, although they did of course employ oil-hydraulic 
transmission on aircraft, and it was developed to a very high 
degree of efficiency. The continent of Europe has been for so 
long a part of Germany, or under German domination, that we 
may regard it as having been similarly constrained in the develop- 
ment of the self-contained press. 


Unitep States PRESSES AND THE HeELEe-SHaAw Typr Rapiau 
Pump 


The United States was first and foremost in thé development 
of the heavy self-contained hydraulic press, which occurred 
around 1926, and among the pioneers we may name Howard F. 
MacMillin and Walter Ernst of The Hydraulic Press Manu- 
facturing Company, Mount Gilead, Ohio. The development 
of a self-contained press entailed the employment of a high- 
speed hydraulic pump with a shaft speed of 400 to 1800 rpm, 
capable of reasonably high pressure, and sufficiently compact to 
be mounted in or on the press frame. The only pump then availa- 
ble was a variable-stroke radial pump invented by Dr. Hele- 
Shaw in the period 1914-1918, and manufactured in the United 
States by The American Engineering Company of Philadelphia. 
The construction of the Hele-Shaw pump is shown in Fig. 1 
which appeared in a paper by Dr. Hele-Shaw in 1921.2 At the 
outset, The Hydraulic Press Manufacturing Company employed 
the Hele-Shaw pump; later it manufactured a pump of similar 
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Fic. 1 Hxus-SHaw Pump 


1 Director, Towler Bros. (Patents), Ltd., and Electraulic Presses 
Ltd., Rodley, near Leeds, England. 

Contributed by the Hydraulic Division and presented at the 
’ Annual Meeting, New York, N. Y., November 28-December 3, 1948, 
of THe AMpRICAN Society oF MecHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-33. 
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construction. Today, a number of firms manufacture the Hele- 
Shaw type of pump, and it may be said that the majority of the 
large self-contained hydraulic presses in the United States and 
Canada have been built around this type of pump. Of course a 


2 “Power Transmission by Oil,” by,Dr. H. S. Hele-Shaw, Proceed- 
ings of The Institution of Mechanical Engineers, vol. 2, 1921, p. 849. 


19) 


similar development did occur in Great Britain, but not on any 
large scale and, in so far as the author is aware, the Hele-Shaw 
pump was only applied, prior to 1926 anyway, to comparatively 
small presses and in particular to testing machines. 


ADVANTAGES OF THE HELE-SHAwW Typr Pump 


The Hele-Shaw pump, having a pintle-type rotary-sleeve 
valve, can be operated either as a pump or as a rotary motor. 
It was designed primarily as the component of a steplessly 
_ variable-speed gear, that is to say, by coupling a pump and motor 
of this construction together, and varying the stroke or displace- 
ment of one of them, it was possible to obtain infinitely variable 
speed of rotation at the motor shaft. Another application of the 
Hele-Shaw type, reversible-flow, variable-stroke radial pump, 
which has become almost universal, is to the operation of ships’ 
steering gear. 


LImMITaTIONS OF THE PrintTuE-TyepE Rorary-SLEEVE VALVE 


Valve Clearance and Pump Slip or Leakage. The pintle-type 
rotary-sleeve valve imposes certain limitations on the Hele- 
Shaw type of pump, such that it is the author’s contention that 
this pump is not ideal for the operation of large hydraulic presses. 
The periphery of the pintle throughout 180 deg, and of a length 
sufficient to cover the valve ports with a suitable lap, is subject 
to the maximum hydraulic pressure engendered by the pump. 
This area of the pintle is supported between two bearings upon 
which the pump body rotates, and therefore the pintle must 
deflect under the bending moment imposed by this hydraulic 
load. Consequently the clearance between the pintle and 
valve sleeve must be sufficiently large to prevent the two coming 
into metal-to-metal contact due to this deflection. If the clear- 
ance is large there will be considerable valve leakage or slip; 
if it is too small the parts will seize. There is therefore a limita- 
tion of pressure to around 2000 to 3000 psi and, in order to main- 
tain a reasonable clearance without serious leakage, it is necessary 
to use a comparatively thick oil as the hydraulic medium, an oil 
having a viscosity around 300 Saybolt at 100 F. Even so, after a 
pump of this type has been in operation for some time, the slip 
is in the region of 20 per cent, or in other words, the volumetric 
efficiency is down to 80 per cent. It must be remembered that 
as the slip or leakage increases, it heats up the oil, which there- 
fore becomes thinner and increases the leakage. A pump of 
100 hp may be converting 20 hp into heating up the oil in the 
hydraulic system, and it is for this reason that presses equipped 
with this type of pump are usually fitted with cooling coils to 
dissipate this heat. It is like a slipping clutch. 

Thick Oil; Variations in Viscosity; Cavitation. One dis- 
advantage of using a thick oil is that it has a wide range of vis- 
cosity, Fig. 2. Thus one oil which is commonly used has a 
Saybolt viscosity of 920 at 70 F and 120 at 140 F; therefore at 
low temperatures the oil may become so thick and sluggish that 
it will not flow into the pump chambers with sufficient rapidity 
and cavitation will occur. Consequently it is frequently neces- 
sary to provide both heating and cooling coils, and thermostatic 
control, to maintain the oil at the desired viscosity. 

The use of a thick oil also imposes some limitation on the speed 
at which the press ram can be operated. Most self-contained 
hydraulic presses are of the downstroking type in which the 
press ram comes down to meet the work, the ram falling by 
gravity and the press cylinder being filled with slack oil from an 
overhead supply tank. The oil flows into the press cylinder 
through a large prefill or nonreturn valve which closes when the 
press ram meets the work, and then the pump supplies the 
pressure fluid to effect the working stroke. On completion of 
the stroke the prefill valve is opened to allow the oil in the press 
cylinder to return to the overhead tank during the rapid return 
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stroke of the press ram, which is effected by means of push-]} 
back rams or a return annulus to which the pump is then con-} 
nected. If the oil flows freely into the press cylinder during theq 
rapid approach stroke of the press ram, the cylinder will be com;}} 
pletely filled when the ram meets the work, the prefill valve will] 
be closed, and the pump will immediately build up pressure in thef, 
press cylinder and perform the working stroke at the required 
speed. On the other hand, if the prefill valve is too small or they 
oil is cold and sluggish, the press cylinder will not be filled com-}) 
pletely when the ram meets the work; consequently, after theif 
prefill valve is closed, there will be some delay while the pumy i 
fills the press cylinder prior to building up pressure and per-i) 
forming the working stroke. This may be referred to as ‘“cavi-}} 
tation-dwell.”” There is also some danger of air being drawn} 
into the cylinder during cavitation and, if this takes place, the} 
air will be compressed during the working stroke and the extra}} 
resilience of the liquid will impede the opening of the prefill valve }f 
prior to the return stroke. This may be referred to as “‘compres-} 
sion-dwell.”’ if 

Large Prefill Values and Pressurized Prefill Tanks. In order to}} 
avoid cavitation when using a thick oil of around 300 Saybolt at |} 
100 F, it is usual to make the prefill valve of such a size that||! 
the velocity through the valve does not exceed 5 fps at the maxi- |f 
mum approach speed of the press ram, assuming that the oil'} 
flows freely by gravity from the overhead tank. If the approach 
speed is 1 fps, this means that the prefill valve must be at least |} 
one fifth of the area of the press ram or equivalent to a pipe | 
bore of about one half the ram diameter, which is a very big || 
valve. Therefore to increase the permissible oil velocity through 
the prefill valve without cavitation, it is common practice to | 
superimpose air pressure on the overhead supply tank. Thus || 
additional energy has to be expended to force a thick oil at high || 
velocity through the prefill valve on the rapid approach stroke || 
of the press ram; and similar additional energy must be ex- 
pended in forcing the oil back through the prefill valve on the. 
rapid return stroke of the press ram. This additional energy is 
converted into heating up the oil in the hydraulic system, over 
and above that caused by pump slip. Thus we have what might 
be described as an “‘oil-boiling system.” 

Speed Variation and Sustained Pressure. Nevertheless, this 
system has certain advantages which, up to now, have seemed to | 
outweigh the disadvantages. The Hele-Shaw type pump is | 
reversible and capable of infinitely variable capacity by varying 
the stroke of the pump rams, so that it is possible to vary the 
speed of the working stroke during the pressing operation and — 
to vary the speed of reversal and return stroke. It is also possible | 
to maintain pressure at a given figure during the curing period of a | 
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compression-molding press by operating the pump at ‘“near- 
zero’’ delivery, so that, in effect, it is just pumping its own slip 
and making up any other leakage in the system; again what 
might be described as an “‘oil-boiling operation.” 


Uncontrolled Variations of Speed. It should be explained that 
this variation in the speed of the working stroke, which is made 
possible by the Hele-Shaw type pump, is not independent of 
variations of working pressure, because of the fact that the slip 
varies with the pressure. Supposing that a pump of 100 gpm 
‘eapacity has a slip of 20 per cent at 3000 psi; then at full stroke 
it will deliver 80 gpm against 3000 psi and, assuming that the 
slip varies directly with pressure, about 90 gpm against 1500 
psi; so that the speed of stroke at full capacity will vary 11 
per cent between 1500 psi and 3000 psi, which is sufficiently 
uniform for most pressing operations. 

On the other hand, suppose the pump is set at “near-zero 
stroke” so as to give zero delivery at 3000 psi; the slip is still 
20 per cent or 20 gpm at 3000 psi; therefore at no pressure it 
will deliver 20 gpm, and 10 gpm at 1500 psi, and zero at 3000 
psi. Thus there is a variation of 100 per cent betwen 1500 psi 
and no pressure, which is excessive. 

Let us put it another way, suppose the pump at this near- 
zero stroke is operating a press through a working stroke with a 
maximum pressure of 1500 psi, then it will deliver 10 gpm to the 
press cylinder at 1500 psi; but if the pressure required to do the 
job falls to 1000 psi during the working stroke, then the pump 
will deliver 13.3 gpm to the press cylinder, and the speed of the 
pressing stroke will be increased by 33 per cent, which is not so 
good. On certain pressing operations, such as lead extrusion or 
cable sheathing, it is at the slow speeds that one requires the most 


~ accurate speed control; it is when extruding small sections with a 


large lead ram that the speed control must be most delicate, 
and a variation of 33 per cent might cause rupture of the sheath 
or section. 
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LIMITATIONS OF THE SWASHPLATE-TYPE PUMP 


We have dealt at some length with the Hele-Shaw type of 
pump because that is the type of pump which has been most 
widely used in the United States on heavy self-contained presses. 
There are pumps of another construction which are also being 
used for such presses. This construction may be broadly de- 
scribed as the swash-plate, axial-ram pump. One of the earliest 
pumps to be operated successfully was invented by Williams 
and Janney around 1907, Fig. 3. Since then, various modifica- 
tions and improvements have been made, and a number of firms 
now manufacture this type of pump. In all these pumps the 
pump body rotates and they are equipped with a rotary disk 
valve, as in the Williams-Janney type pump, or a rotary- 
sleeve valve. These rotary valves impose almost the same limita- 
tions as the pintle-type valve of the Hele-Shaw type of pump. 
The pressure appears to be limited to about 3000 psi, although 
some of them go as high as 4000 to 5000 psi. However, they all 
use a comparatively thick oil with a viscosity around 300 Saybolt 
at 100 F. Thus the limitations of the self-contained press em- 
ploying such pumps are broadly the same as those previously 
described for presses employing the Hele-Shaw type of pump. 

There are also some pumps in the United States, both radial- 
ram type and axial ram type, using seated valves; but, as these 
are of more recent development, it is perhaps too early to analyze 
their performance. No doubt the makers and users of such 
pumps will come forward during the discussion of this paper and 
provide data on their performance. 


DEVELOPMENT OF SELF-CONTAINED PRESSES IN GREAT BRITAIN 


The heavy self-contained hydraulic press came to be developed 
in Great Britain about 1934; no doubt there were earlier begin- 
nings, but they would be isolated and mostly small presses. 


3 Illustration from Janney’s British Patent Specification No. 
7478/08. 


Fie. 3 JANNEY’s PuMP 
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Nevertheless, this lag of 8 years behind the parallel development 
in the United States, had its advantages because it allowed time 
for the development of high-speed pumps capable of much 
higher pressure, 6000 to 7000 psi. One pump, the Paul pump‘ 
which came from the Continent, is of the radial type, having 
seated valves. It has been widely adopted, but its construction 
seems to necessitate the use of a thick oil similar to the Hele- 
Shaw pump, and it has a limiting shaft speed of around 750 to 
1000 rpm. Also, aircocks are fitted in the end of each pump 


chamber to eliminate air lock, which seems to indicate that the ~ 


pump is not self-priming. 


Strrarcut-In-Lins Pume Wiru SEATED VALVES 


Another pump which is manufactured by the author and his 
brother, and which may account for any slight bias creeping into 
this paper, is a straight-in-line pump with seated valves, capable 
of a normal working pressure of 7000 psi with a shaft speed of 
1500 rpm. It is made in sizes up to 150 hp in one unit. It has a 
volumetric efficiency of 97 per cent at 1500 psi; the volumetric 
efficiency is somewhat diminished at higher pressures, owing to 
the compression of the oil; but even at 14,000 psi the volumetric 
efficiency is in excess of 90 per cent. Pumps.of this construction 
have been operated regularly at a momentary pressure of 12,000 
psi for testing gas containers for aircraft. The mechanical 
efficiency is 96 per cent at 7000 psi or maximum pump-ram load. 
Fig. 4 shows the general construction of the pump, and Fig. 5 
is an enlarged section through the pump.chamber. 

Advantages and Limitations of Straight-In-Line Pump. This 
pump has four limitations: It is expensive to manufacture; 
the stroke is not variable without considerable complication; 
the flow is not reversible; and it will only operate satisfactorily 
with a very thin oil having a viscosity around 60 Saybolt at 100 F. 

Cost of Manufacture. It is expensive to manufacture because 
the three-throw pump employs two roller-bearing journals and 
three roller-bearing eccentrics; and the five-throw pump, in 
addition to the journals, employs five roller-bearing eccentrics; 
the eccentric bearings are ‘‘specials,’’ because in the large 
pumps the ram load on each eccentric is over 3 tons. To off- 
set this, the pump has a life of 3 to 6 years without overhaul 
under heavy working conditions; it will stand heavy momentary 
overloads of 50 to 100 per cent on occasion. 

The life of the pump is determined by the roller-bearings; 
in other words, an overhaul means a new shaft and bearings. 
Strangely enough, the suction and delivery valves and seats 


4 British Patent No. 341,667. 1929. 
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do not show much sign of wear after 3 to 6 years, provided that aj) 
thick oil is not used. This may be accounted for by the fact | 
that at 1500 rpm the valves have to make a complete cycle 
open-close, in 1/s0 sec; and the valves are not seated under pres 
sure for more than '/s sec. Hence there is always an oil fil 
between valve and seat, i.e., there is insufficient time to squeeze 
it out. On the other hand, the use of a thick oil would cause 
cavitation and valve hammer, with disastrous results. 

Variation of Stroke Not Practicable. Another limitation is 


that the capacity of the pump is not readily variable. However, 
this is not so serious as it might seem. There are many pressing? 


operations in which it is of no advantage to vary the speed of ther | 
pressing stroke; full speed is required right through. On ther 


other hand, with up-stroking presses and horizontal presses, 


Fie. 5 ENuARGED SecTION THROUGH Pump CHAMBER 


Fie. 4 Srrateut-In-Ling Pump 
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two-stage pump is most suitable. An auxiliary low-pressure 
gear pump or vane pump is used to effect the rapid approach 
stroke, and a high-pressure ram pump to effect the working 
stroke of the press ram. 

Reversing Flow by Control Valve. In pumps of the seated- 
valve type, the flow through the pump is not reversible, and 
therefore it is necessary to use a double-acting control valve, 
such as that shown in Fig. 6, to control the forward and return 
movement of the pressram. This is not necessarily a disadvan- 
tage, because a valve spindle usually can be moved much more 
easily and quickly than the reversing gear of a radial or axial 
pump. 

Controlled Steplessly Variable Capacity Without Stroke Variation. 
In those pressing operations in which it is necessary to vary the 
speed, it is seldom essential that the speed should be steplessly 
variable. With a combination of three constant-delivery pumps, 
which may be driven by one shaft, and having capacities of 1, 
2, 4 gpm, it is possible to obtain seven speeds corresponding to 
1, 2, 3, 4, 5, 6, 7 gpm. If steplessly variable speed is essential, 
it is possible to bridge the gap between speeds by using a metering 
valve to by-pass up tol gpm. This will give a steplessly variable- 
speed control which is practically unaffected by variations of 
pressure, because a pump, having a volumetric efficiency of 97 
per cent, has no appreciable slip; whereas already it has been 
shown that a variable-stroke pump, having a rotary valve, does 
not control the speed at near-zero stroke; the speed is then a 
variable dependent upon slip and pressure. Controlled speed is 
usually more important than an uncontrollably variable speed. 

Sustained Pressure. This still leaves us with near-zero 
delivery at full pressure, such as is required to sustain pressure 
during the curing period of a compression-molding press, or the 
clamping pressure for a die-casting or injection-molding machine. 

It has been shown previously that this near-zero delivery 


Fig. 6 Dovusris-Acrinc ContTRoL VALVE 


with the Hele-Shaw type of pump is really a quite substantial 
delivery, because the pump is in continuous operation, pumping 
its own slip in addition to making up leakage in the system. This 
sort of operation can be performed much more satisfactorily 
by a constant-delivery straight-in-lme pump provided with a 
pressure-actuated unloading valve which by-passes the pump to 
tank when maximum pressure is reached, and reloads the pump 
or closes the by-pass when the pressure has fallen a given amount. 
In this way the pump is running idle most of the time, circulating 
oil at tank pressure, and it is loaded momentarily at intervals to 
make up leakage. Furthermore, the full capacity of the pump 
is immediately available when required, without any stroke- 
changing lag. With this system, the pump is not an “oil boiler’ 
and therefore no cooling coils are required. 

Advantage of Using a Thin Oil. The straight-in-line pump 
will only operate satisfactorily with a very thin oil. It will be 
obvious to anyone who has had the misfortune to read thus far, 
that this is an almost unmitigated advantage. For what is good 
for the pump is good for the press. A thin oil is essential to this 
type of pump in order to insure that the oil will flow freely 
through the spring-loaded suction valve, with the assistance of 
atmospheric pressure and orfly a few feet of head, and completely 
fill the pump chamber in 1/;)sec. That is exactly what we want 
for the press. The oil must flow freely through a spring-loaded 
prefill valve into the press cylinder with the greatest rapidity 
under almost identical conditions; and that is what it does. 

It has been proved by experiment® that an oil at a viscosity of 
165 Saybolt will flow through a prefill valve at 33 fps by gravity 
and with the assistance of atmospheric pressure alone, without 
cavitation in the press cylinder. Thus it is quite safe to allow for 


5 “The Modern Direct-Hydraulic System,”’ by F. H. Towler, Pro- 
ceedings of The Institution of Mechanical Engineers, vol. 154, 1946; 
discussion by W. F. Cully, p. 190. 
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Fie. 7 1700-Ton Foreina Press, Oppratep By Tauren 150-Hp Pumps, 4500 Psr 


a prefill velocity of 20 fps, with an oil of 60 Saybolt, at maximum 
approach speed. Even when the oil is cold and old its viscosity 
will not exceed 165 Saybolt—and it must be admitted that oils do 
get thicker after much use, due to oxidation and the assimilation of 
foreign matter of colloidal dimensions. Here, by way of qualifica- 
tion, it should be said that this type of pump is equally capable of 
accepting oil of a viscosity up to 165 Saybolt. It will be ap- 
preciated that one of the greatest advantages of a thin oil is the 
fact that it has such a flat viscosity curve, as shown in Fig. 2, 
so that the performance of a hydraulic press does not vary with 
the temperature of the oil, and there is no need for thermostatic 
control. 

Possible Disadvantages of a Thin Oil. A possible disadvantage 
of using a thin oil is that it requires very high precision in the 


manufacture of the packingless-piston-type control valves for the 
press, Fig. 6. 

They must be a fine lap fit, with a clearance not exceeding 
1 micron per in. of diam, in order to hold pressure satisfactorily 
at 7000 psi. As to press glands, there does not appear to be any 
greater difficulty in holding a thin oil than a thick one ; further- 
more, if a gland packing is good for 3000 psi, it would seem to 
be equally good for 7000 psi. The disadvantages of a thin oil 
are probably more apparent than real. 

Fig. 8 illustrates an 850-ton press having a 20-in-diam piston 
fitted with five plain cast-iron piston rings, and operating at 
6000 psi. Several of these presses have been in continuous opera- 
tion for the past 5 years, and there is no sign yet of undue cyl- 
inder wear or excessive leakage. Fig. 7 shows a 1700-ton forging 
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press,’ operated by three 150-hp pumps, 4500 psi. Fig. 9 gives 
some idea of the size of these pumps. 

Compressibility of Oil at High Pressures. Thin oil is slightly 
less compressible than thick oil, and it may be less liable to aera- 
tion, but compressibility does become more of a problem at higher 
pressures. As a rough approximation, oil compresses !/2 per 


® U.S. ton of 2000 Ib. 


Fig. 8 850-Ton SELF-ConTAINED Press, 6000 Pst 


Fig. 9 150-Hp SrraicHT-1n-LINE Pump, 4500 Psi 
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cent per 1000 psi and therefore the energy stored in the oil 
at 6000 psi is twice that which would be stored in a press of the 
same power operating at 3000 psi. However, this is not a serious 
difficulty, provided proper provision is made to release this energy 
at the end of the pressing operation before the press ram is re- 
versed. It should be emphasized that the actual loss of energy 
is usually more than offset by the saving in energy required to 
move one half the volume of oil throughout the operating stroke 
of the press. 

Pipe Fittings for 7000 Psi. As for pipe fittings, it will be 
admitted freely that the taper-screw thread, which, is common 


ULL YY ee 


AFTER ASSEMBLY. 


Fic. 10 Ermeto CoupPLines 


practice in the United States for low pressure, is not good enough 
for 3000 psi and it is certainly not good enough for 7000 psi. The 
author’s firm has used ‘“‘Ermeto” couplings, Fig. 10, on pipes up to 
1 in. bore at pressures of 7000 psi for the past 10 years, and they 
have proved highly satisfactory. Similar couplings, ‘“Ferulok”’ 
and Ermeto, are now available in the United States. These 
couplings have the advantage that the pipe is not weakened by 
screwing, and therefore it is not necessary to use heavy-gage 
tubing for 7000 psi. A pipe, which when screwed would only be 
good for 3000 psi, would be quite satisfactory for 7000 psi in an 
Ermeto coupling. However, for pipes larger than 1 in. bore, 
flanges are to be recommended. 


CoNCLUSION 


The author suggests that for heavy self-contained hydraulic 
presses there is considerable advantage to be gained in using a 
pump of the seated-valve type, capable of operating satisfactorily 
at working pressures up to 7000 psi with a thin oil of 60 Saybolt 
at 100 F. Compared with present practice in the United States, 
the following advantages are claimed: 
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1. Operating at twice the pressure, the press rams and cyl- 
inders are proportionately smaller. 

2 Only half the volume of oil has to be moved. 

3 The oil can be moved at 4 times the speed; 20 fps instead of 
5 fps, through the prefill valve. 

4 It is possible to use smaller pipes and valves for the same 
pressing speed, or to operate at up to 8 times the speed with the 
same-sized pipes and valves. 

5 The oil has a flat viscosity curve, so that there is little varia- 
tion of viscosity with variations of working temperature. There 
is no need for thermostatic control. 

6 There is no need for air pressure to force the oil through the 
prefill valve into the press cylinder. 

7 With the absence of pump ‘‘slip,” there should be no need 
for cooling coils in a properly designed hydraulic system. 

8 For the same reason (no slip) it is possible to control the 
pressing speed more accurately. 

9 Pumps of this type have a longer working life, can stand 
serious overload, and they are not so easily damaged by the 
presence of grit and scale in the hydraulic oil. 
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Discussion 


T. E. Beacuam.? The writer was associated with the late Dr. 
Hele-Shaw, from 1909 onwards. English press manufacturers 
took considerable interest in the Hele-Shaw pump during the 
early stages of its development but they insisted on pressures of 2 
tons per sq in. and upward to suit existing press designs whereas 
it would appear that American manufacturers were prepared to 
make large presses for lower operating pressures. 

The practical limit for the early Hele-Shaw pumps was in the 
neighborhood of 1 ton per sq in. on account of risk of seizure on 
the central valve. A two-stage pump gave satisfactory results on 
test up to 6000 psi, but this design was never used in practice, 
and Hele-Shaw pumps for press operation were usually installed 
with intensifiers, as a rule with an automatic valve which changed 
the connections as soon as a pressure of 1 ton per sq in. was 
reached. 

Pumps with seated valves have not the pressure limitation 
imposed by the rotary valve, and the author and his brother have 
made an important contribution to hydraulic-machinery design 
by their work in developing pumps of this type up to speeds of 
1500 rpm. 

High-pressure pumps with seated valves, almost of necessity, 


? Consulting Engineer, London, England. 
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Fie. 11 ComparaTivE PERFORMANCE OF VARIABLE-STROKE AND 
Two Frxep-Capaciry Pumps UNDER VARIABLE PRESSURE AND 
Constant PowER CONDITIONS 


have fixed cylinder blocks and rotating cranks. While a very} 
large number of mechanisms have been evolved for obtaining | 
variable stroke from rotating cranks, these have never come into! 
general use except for such purposes as steam-engine valve gear. 

The more widely used types of variable-stroke pumps have} 
nonrotating cranks where the adjustable element can be directly 
attached to the control mechanism. The nonrotating crank in- | 
volves a rotating cylinder block which in turn is ideal for use with 
a rotary valve but most unsuitable for seated valves. 

In general, therefore, the variable-stroke pump suffers the 
limitations imposed on it by the rotary valve, and on the other 
hand the seated-valve type of pump has the limitation of fixed 
capacity. 

The author has pointed out that variable output can be ob- 
tained by using two or more fixed-capacity pumps. Where a 
constant power characteristic is required, the combination of a 
gear pump with a fixed-capacity high-pressure pump will give | 
approximately the same operating time as a variable-stroke pump | 
with constant power control. The point is illustrated by Fig. 11 
of this discussion, in which the chain dotted line shows the capac- 
ity/pressure relationship for a variable-stroke pump with a 3/1 
range, and the full line the same relationship for a gear pump in 
combination with a high-pressure pump of the seated-valve type, 
the relative capacities of the combination being 3 to 1. 

When direct control of speed is required, the use of two fixed 
pumps will give 3 alternative capacities, three pumps, 7 capaci- 
ties and 4 pumps, 15 capacities, and soon. For radial and swash- 
plate types of pump, two pumps can be arranged conveniently in 
the same casing. 

It is the opinion of the writer that for the great majority of 
press applications, the balance of advantages is in favor of the 
high-speed seated-valve type of pump. 


G. I. Cutnn.8 The author has presented an able story for the 
constant-displacement pump in press applications. However, we 
wonder whether he has experienced any difficulty with his double- 
acting control valve because of binding of the piston in the body. 
It seems to us that with clearances of the order of one micron per 


? § Chief Engineer, Gerotor Pump Division, Gerotor May Corpora- 
tion, Baltimore, Md. Mem. ASMRE. 
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inch of diameter, which, incidentally, is difficult for us to visualize 
from a production standpoint, changes in oil temperature or 
deformation of the valve body under high pressure would take up 
this clearance with sufficient binding to preclude actuation by 
the lever means shown. Further, operation of balanced piston 
valves under high pressures for long intervals usually results in a 
hydraulic bind due to the building up of a leakage path on one 
side of the plunger at the expense of the other, thereby forcing the 
plunger against the body. So-called equalizing grooves, balanc- 
ing slots, and mounting the plunger in bearings not exposed to the 
hydraulic pressure are methods usually employed to overcome this 
defect, but none is completely successful. What has the author 
done in this connection? 


Watrer Ernst.’ The author, presents his case for a seated- 
valve-type high-speed pump for the operation of self-contained 
hydraulic presses. Use of this pump, according to him, results 
in the following characteristics and advantages: 


1 High volumetric efficiency of pump, no slip, less heating. 

2 Low-viscosity oil, flat viscosity curve; advantages opera- 
tional: 

(a) No thermostatic control of oil necessary, due to flat vis- 
cosity curve. 
~ (b) No cooling of oil required, due to high efficiency. 

(c) High prefill efficiency and gravity prefill, due to light oil. 

(d) Accurate control of pressing speed, due to high volumetric 
efficiency. 

(e) Rugged construction, due to absence of pintle. 

3 High working pressure; advantages: first cost, small cyl- 
inders, pipe, and valves. 


The author has made a good case for his selection of type of 
pump and operating system. A closer examination of some of 
these points calls for comments which may modify the final 
conclusion. 

The writer does not subscribe to the categorical statement that 
“after a pump of this type has been in operation for some time, 
the slip is in the region of 20 per cent.” Volumetric efficiencies 
of pintle-type pumps range from 85 to 95 per cent, depending on 
make, pressure, type of design, and capacity. Mechanical 
efficiencies range from 90 to 95 per cent. These efficiencies may 
or may not deteriorate, depending on service conditions, main- 
tenance, cleanliness, and so on. The writer does not consider 
efficiencies of pumps too important for hydraulic-press service, 
and in his experience the volumetric losses have only a second-order 
effect in high-speed press operations, due to the fact that the 
pumps are under pressure only a fraction of the time and at peak 
pressure only a fraction of that fraction (this refers to high-speed 
metalworking or forming presses, not to extruders or upsetters). 
The writer has found that mechanical losses in pumps and presses, 
turbulence and eddy losses in the system, and auxiliary heat- 
generating devices bear the greatest responsibility for tempera- 
ture rise of the oil. 

Radial and axial pintle and flat-plate-valve pumps do require 
oils of higher viscosity to maintain pressure-sealing oil films. 
From an extreme of 1500 SSU used in some early Hele-Shaw pump 
installations, most manufacturers have gradually worked down 
to the 300 SSU which tl.e author mentions. A few die-hards still 
use viscosities upward of 500 SSU for little more than historical 
reasons. 

Radial-pump installations are equipped with coolers, not so 
much for the reason that they create more heat than other sys- 
tems, but because they stand less heat. This is due to the tem- 
perature-viscosity relationship pointed out by the author. It is 


9 Vice-President for Engineering, The Commonwealth ers 
Company, Dayton, Ohio. Mem. ASME. 


the writer’s opinion that here there is much room for research and 
improvement on radial-pump systems. The oil companies must 
continue research to flatten the viscosity curves of their oils and 
produce oils which withstand higher temperatures, and informa- 
tion has been received that they are doing this. The new syn- 
thetic oils may be a step in that direction. 

Pump and press manufacturers must improve their designs, 
so that oils of still lower viscosity may be used, and the units will 
work at higher temperatures. Ambient temperatures have a 
great deal to do with necessity for cooling coils. A production 
shop in Detroit in midsummer is a lot hotter than one in the 
Midlands. The writer believes that ultimately we will see 
elimination of cooling coils, but before this happens, the press 
companies must make material changes in such heat-producing 
devices as die cushions, blankholders, and the like, which waste a 
disproportionate amount of power and create excessive heat. 
So much for points (a) and (b). 

As to point (c), the writer’s experience has bean that within the 
commercially used range the viscosity of the oil has no bearing 
on the efficiency of prefill. Speeds of not 5 but 10 fps are regu- 
larly used by one of the large hydraulic-press manufacturers, with 
oils as high as 1000 SSU, and ram speeds of 200 fpm and more are 
common. The writer has operated valves at 20 fps experimen- 
tally without cavitation. With a little more fairing and stream- 
lining, speeds of upward of 20 fps with oils in the 500-sec viscosity 
range are entirely feasible and practical without traces of cavita- 
tion. The reason for this is that most prefill valves operate above 
the critical range of Reynolds numbers, from 3000 on up, where 
the viscosity has little or no influence on the flow resistance. Air 
pressure prefill, used in the early days of development, has been 
completely abandoned and to the writer’s knowledge there is no 
press manufacturer in the country at this time using air pressure 
prefill. 

As to point (d), much more accurate control of linear pressing 
speeds may be had with an infinitely variable delivery pump than 
with any other means. Controls, ranging from simple slip com- 
pensators to servomechanisms with feedback from the press 
platens to the control to continually correct deviation from the 
ideal speed by stroke adjustment, have been developed and are 
available at reasonable cost. 

Concerning point (e), performance records of radial variable- 
delivery installations are available equaling or bettering the 
figures mentioned by the author and under conditions of incredible 
neglect. 

The writer should like to add two outstanding points which 
have not been covered in the paper. These are the utilization of 
the reversible-discharge and variable-delivery characteristics for 
the attainment of certain specific purposes. 

He contends, and realizes that he is starting a controversy, 
by the use of the reversing type of pump, radial or axial, a 
heavy press, machine tool, or other hydraulic device may be 
operated at high speed with a smoothness of acceleration and 
deceleration, decompression of oil, and freedom from hydraulic 
shock not attainable by any other means. To decelerate, stop 
and maintain in suspension a weight of several tons operating at a 
speed of 200 fpm, is easily accomplished by a hookup to the 
stroke-reducing control of the pump. To do the same thing with 
a large-capacity constant-delivery pump would seem quite an 
engineering accomplishment to the writer. 

In the application to a compression-moldizg press during the 
curing process, the variable-delivery pump exhibits a characteris- 
tic called “follow-up.” This application is only superficially a 
sustained pressure application. In reality the material during 
the curing process gives and yields, and the pump must follow on 
the heels of this yielding and keep up the pressure. It acts very 
much like an accumulator which has earned this type of control 


510 


the name “accumulator-type control.” A constant-delivery on- 
off control cannot duplicate this action, and the writer ventures to 
say that delicate parts, such as Amphenol plugs, could never be 
produced on a press thus equipped. 

As to point (3), a high working pressure is not an unmixed 
blessing. Let us make a few calculations to see what happens to 
the speed of a press at higher working pressure. To this end we 
shall compare two presses of equal tonnage and horsepower, one 
operating at 3000 and one at 6000 psi. 

Dow and Fink” have shown that the bulk modulus of elasticity 
of oil is 

A — 2Bp 
ae + Ap — Bp? 
where A = 4.38 X 107-8 and B = 5.65 X 10" (at 100 F). 
Thus 
At p = 3000 Ce ORO: 
At p = 6000 C = 3.65 X 10° 


lI 


If we assume now that the low-pressure press has a cylinder 
volume of 10,000 cu in., and the high- pressure press one of 5000 
cu in., the additional oil required to produce full tonnage will be 
for the low-pressure press 


Vz; = 10‘ X 3 X 10? X 4.10 X 1076 = 120 cu in. 
and for the high-pressure press 
Va = 5 X 10? X 6 X 10? X 3.65 XK 10-§ = 110 cu in. 


If we assume now that the 3000-psi pump puts out, say, 240 cu 
in. per sec, then the time to compress the oil will be 1/2 sec. 

If the 6000-psi pump, having the same horsepower, puts out 
120 cu in. per sec, then the time to compress the oil will be 0.91 
sec. That this is a serious disadvantage for a production press 
cannot be denied. The American owner of the press is not 
interested whether this energy loss can be recovered by saving in 
energy required to move !/2 of the volume of oil. All he is inter- 
ested in is how many pieces he can get off the press per unit time. 

Now, what does all this add up to? The writer believes that 
the author’s system possesses outstanding advantages in the 
- application to heavy extruders of aluminum, magnesium, and 
brass shapes and tubing, for coating presses for welding electrodes 
and lead sheathing, for die casting and injection machines, 
upset and extrusion forging machines, wherever heavy sustained 
pressure and volumetric output are required. He questions 
whether it will displace present reversible-discharge radial- and 
axial-pump systems on high-speed medium and light production 
presses for metalworking, forming, drawing, and straightening. 

Compression molding presses had best be operated by variable- 
delivery pumps or accumulators, and in that connection the 
Greer hydraulic accumulator seems to hold promise. 


J. G. Frira." The writer’s company has used the author’s 
pumps on several occasions, not only in conjunction with presses, 
but also in combination with air-loaded accumulators to serve 
the roll-balance cylinders on rolling mills, and also to operate the 
hydraulic roll-feeding mechanism for a railway wheel.rolling mill. 

In all cases we have had no trouble whatever and have found 
them a very reliable type of pump. 


C. J. Lams.'2 The author is to be congratulated upon the sub- 


10 “Some Properties of Lubricating Oils at High Pressure Density,” 
by R. B. Dow and C. E. Fink, Journal of Applied Physics, vol. 11, 
1940, p. 353. 

11 Davy and United Engineering Company Limited, Sheffield 4, 
Yorks, England. 

1 Consulting Engineer, The Hydraulic Press Manufacturing 
Company, Mount Gilead, Ohio. Mem. ASME. 
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ject matter of this paper. His company can take pride in th 
development.of the pumps described, working at such preset 
and efficiencies, with such extremely small clearances. In vies 
of his reference to our company and its part in pioneering tH 
development of the heavy self-contained hydraulic press, an 
since our radial pump is also mentioned, we feel that commer 
by us is in order. 

Like the author, we also may have a slightly biased viewpoin’ 
We do desire to point out, however, that when, after buildin 
high-pressure water hydraulic presses and pumps (up to 15,00 
psig) for approximately 50 years, we went into the developme 
of the heavy self-contained oil hydraulic press, we gave full cor 
sideration to the oil pressures to be employed and to the types « 
oil pumps available, both here and abroad. After shop and fiell 
testing of various types of pumps, we were forced to the conclusio: 
that in order to maintain our known reputation for reliabilit; 
and freedom from trouble, it would be necessary to develop an 
build our own pumps. It should be emphasized here that whil 
we adopted the principle of the variable-stroke radial pump in 
vented by Dr. Hele-Shaw, our construction is not at all simila 
and varies appreciably from that design primarily to overcom. 
the limitations referred to by the author. As may be noted i 
the illustration of our pump, Fig. 12 herewith, we have incor 


Fie. 12 VarrasLe-Strokr Hypravurtic Pump 


porated into our design patented features which practically elimi- 
nate the pintle deflection referred to as a limitation of the Hele- 
Shaw pump. The unique feature, whereby we maintain the 
close clearance between the rotor and the pintle, lies in the use of 
adjustable tapered roller bearings, mounted between the rotoz 
and pintle, adjustable, moreover, to micrometer accuracy in the 
field by the operating personnel without opening up or disman- 
tling the pump. 

With respect to the question of oil viscosities, we do use highe: 
oil viscosities than employed in the author’s pumps. While it is 
true that the friction losses in pumps result in oil-temperature 
rises, it is neither difficult nor expensive to maintain the oil at the 
temperature range of 90 to 120 F for which we design. The 
heavier oil is commonly available throughout the world, and ow: 
pumps are frequently used in remote places. Oil at high pressure 
and low voscosity is harder to contain, and the high-pressure sys: 
tem presents a greater fire hazard due to lower flash and fire 
points. Thus our successful use of heavier oil at lower pressure 
over a long period of years has been well justified. As might be 
expected, tests have demonstrated that the viscosity of hydraulic 


oils under pressure is appreciably higher than the same oils a; 
atmospheric pressure. 
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With respect to the points raised regarding ram speed, uncon- 
trolled speed variations, and the like, we have not encountered 
such difficulties. We are convinced that the practical and effi- 
cient development of the wide variety of hydraulic processes we 
have pioneered has resulted because the press, pump, and valves 
which make up the complete hydraulic system were designed 
as a unit to accomplish a specific result, rather than being assem- 
bled of existing components. Some of our presses operate at 
speeds of 60 to 100 cycles per minute, for example. Many of our 
systems require reversible flow and variable volume in either 
direction of flow, each cycle. 

The author has frankly admitted that his pump has four 
limitations. He,has omitted mention of a fifth one, namely, that 
of greater power consumption, required by the straight-in- 
line pump. ' From our viewpoint, these limitations are of such 
magnitude that they would have prevented the development of 
the majority of modern press applications at economically justi- 
fied costs. } 

While we cannot speak on behalf of the various builders of 
Hele-Shaw-type pumps, the records of thousands of installations 
throughout the world for an extended period of time demon- 
strate that our pump efficiencies are maintained at approxi- 
mately 90 per cent, and that the pump life, before overhaul is 
necessary, ranges from 6 to 12 years, depending upon the service. 
For example, our first pump installed for the operation of a 
marine steering gear in the Mississippi River automobile ferry 
motor vessel Westside, has operated 11 years (this is a single pump 
installation) without repairs or overhaul, and there are many other 
similar installations which might be mentioned. 


AuTHOR’s CLOSURE 


Mr. T. E. Beacham’s contribution to the discussion is particu- 
larly valuable because he designed the original Hele-Shaw pump. 
He has had a very wide experience in the development of the 
oil-hydraulic system from its early beginnings to the present day, 
and among his most recent achievements is the invention of the 
variable-pitch air screw, in recognition of which he was awarded 
the James Clayton Prize by The Institution of Mechanical 
Engineers in 1948. It will be noted that Mr. Beacham is of 
the opinion that, for the great majority of press applications, the 
balance of advantages is in favor of the high-speed seated-valve 
type of pump. 

Hydraulic Lock. The reference to hydraulic lock by Mr. G. I. 
Chinn is of considerable interest to all makers and users of hy- 
draulic packingless piston valves. The author’s firm has only 
had two isolated instances of hydraulic lock, and therefore he 
cannot claim to be an authority on the subject. Hydraulic lock 
might be defined as the condition in which a valve spindle be- 
comes locked after pressure has been applied for a given length 
of time, and then, after the pressure has been released, in due 
course the valve spindle becomes free again. This latter con- 
dition distinguishes it from the more common condition in which 
the spindle.binds due to foreign matter becoming lodged between 


the spindle and the bore. True hydraulic lock is conditioned by 


time and pressure, i.e., up to a certain pressure the valve spindle 
does not lock and then above that pressure the valve 
spindle locks if it is subject to pressure for a given length of time. 
The author does not think that very fine clearances have much 
influence on the incidence of hydraulic lock, but he thinks that 
the main cause of this phenomenon is probably due to the de- 
formation of the valve body due to the unsymmetrical applica- 
tion of hydraulic pressure at the valve ports. If the valve body 
is of light construction, the deformation may be several thou- 
sandths of an inch, and therefore increasing the clearance be- 
tween the spindle and the bore will not make very much dif- 
ference; at least that is the author’s experience. On the other 


hand, the increasing of the clearance does increase the danger of 
foreign matter becoming lodged between the spindle and the bore. 

Valve Clearance. Mr. Chinn is quite correct in regarding a 
clearance of 1 micron per in. of diameter as being too fine for 
commercial production. In the author’s firm the commercial 
limits are between 1 micron and 4 microns per in. of diameter for 
its standard packingless piston valves which operate up to 7000 
psi working pressure. A micron is equivalent to approximately 
40 microinches, or say one-fiftieth of the thickness of a human 
hair. The author is of the opinion that there is considerable room 
for research into the sealing mechanism of the packingless 
piston valve, and into the effect of grooving the spindle or the bore. 

Light-Production Presses. In spite of his predilection for the 
Hele-Shaw type of pump, the views of Mr. Walter Ernst com- 
mand respect, because he is one of the outstanding pioneers in the 
design of high-speed hydraulic presses in the United States. In 
the penultimate paragraph of his contribution he appears to sup- 
port the author in the view that the high-pressure seated-valve 
type of pump “‘possesses outstanding advantages’”’ when applied 
to heavy self-contained presses, or ‘wherever heavy sustained 
pressure and volumetric output are required.” On the other 
hand, he questions “whether it will displace present reversible 
discharge radial- and axial-pump systems on high-speed medium 
and light production presses for metalworking, forming, drawing, 
and straightening.”’ 

The author was careful to use the term “heavy self-contained 
hydraulic presses” in the title of this paper because the advantages 
of high pressure are most marked in connection with large hy- 
draulic presses. Also, it seems reasonable to expect that the 
mechanical press will remain supreme in the field of “light pro- 
duction presses for metalworking,” forming, and blanking. On 
the other hand, the hydraulic press has considerable advantages 
for deep-drawing and heavy forging work. 

Deep-Drawing Press: Operating Cycle. In defending the low 
volumetric efficiency of the Hele-Shaw type of pumps, Mr. Ernst 
uses the argument that the pumps are under pressure only a 
fraction of the time and at peak pressure only a fraction of that 
fraction, but he is careful to qualify it by saying that this refers 
only to high-speed metalworking or forming presses. If one were 
to apply this argument to a deep-drawing press, which is an 
application for which the hydraulic press is particularly suita- 
ble, it would be seen that the pumps are under pressure for 
quite a large proportion of the time during which the press is 
in operation. The following is a typical operating cycle: 


500 tons 
22-in-diam ram by 25-in. stroke 
Pump 95 gpm (U. S.), 22,000 cu in. per min 
15 in. per sec approach 
1 in per sec full load 


See 
TPHLINg, APPROACH, sya.2 tsen eres loears ere orenat aera ste eaten t repens oases it 
Oxi cana SOpper CON bMOAG)) pret: «| Aegean tee eeeeek law ete 10 
Total build-up and'dwell (100 per cent load)............... 1/9 
Servoshift to reverse pump (100 per cent load)....... Ree eee 3/4 
Q5EinNe rOburD’ at. VO I, PPer SSCs. nc «i2 f eyels vies sie ls vias eis, 6 sisiesleve 13/4 
Decompression, slowdown, pickup speed, etc............... 1 
ER OUEL RCN. CLO nse retctalets ie scr enaeueke) eustoueuersaehe 15 


Pipe Losses. The author adheres to the view that low volu- 
metric efficiency of the rotary-valve type of pump is the principal 
cause of heating up the oil in the hydraulic system, thereby 
necessitating the use of cooling coils, but he would agree that 
turbulence and eddy losses do add to the amount of heat gener- 
ated and consequently increase the rate of temperature rise. 
These losses will obviously be greater when using an oil of higher 
viscosity. 

Let us consider the relative influence of pipe friction on two 
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presses of the same power and ram speed, press A having a maxi- 
mum working pressure of 3000 psi, operated by a rotary-valve 
type of pump using a relatively heavy oil, curve A Fig. 2 of the 
paper; and press B having a maximum working pressure of 6000 
psi, operated by a seated-valve type of pump using a light oil, 
curve B, Fig. 2 of the paper. 

Obviously, if the presses operate at the same ram speed, press 
A will have to move twice the quantity of oil moved by press B. 
In so far as the feed pipes are concerned, from the supply tank to 
the pump and to the press cylinder, the conditions for both presses 
are identical; the size of the feed pipes will be governed by the 
gravity head of oil which is available. Thus the feed pipes of 
press A have to pass twice the quantity of oil for the same pipe 
loss, as compared with press B. At 70 F oil A, Fig. 2, has a 
kinematic viscosity of 200 centistokes, and that of oil B is 20 
centistokes. 

Table 1 of this closure is based upon the friction loss through 
straight, smooth-bore pipes (the flow condition for oil B is turbu- 
lent in all cases, but in the case of the smaller bore pipes the flow 
condition is laminar for oil A). It will be clear by reference to 
Table 1 that the bore of the feed pipes for press A must be at 
least 11/, times larger than for press B to meet the conditions 
just ‘stated. 

Now let us consider the friction loss in the pressure pipes; 
in this case we are not limited by gravity head, we are limited by 
the amount of pipe loss we are prepared to accept. If the total 
pipe loss is, say, 150 psi, then this will represent a loss 5 per cent of 
the total power of press A (i.e., on 3000 psi), whereas it will 
represent a loss of only 2!/, per cent for press B (i.e., on 6000 
psi). Thus the pressure pipes of press A have to pass twice the 
quantity of oil at one half the pipe loss of press B, if both presses 
are to operate with the same mechanical advantage. 

Table 2 of this closure is based upon these conditions, and it is 
clear from this that the pressure pipes of press A are required to 
be nearly twice the bore of those for press B. On the other 
hand, if we decide to accept a greater pipe loss on press A, then 
the effective power of the press will be reduced, and the additional 
friction loss will contribute to heating up the oil in the press 
system. ‘ 

Tables 1 and 2 are based upon well-established formulas for 
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the calculation of friction loss in straight, smooth-bore pipes (se 
Lewis F. Moody?*). 
The formulas are as follows 


_ 0.3164 


Ro.25 (turbulent flow) 


64 
R (laminar flow) 


y 


where 


Q = gpm (U.S. gal.) 

R = Reynolds number 

u = kinematic viscosity, centistokes 

d = bore, in. 

f = friction factor / 
Intersection of ‘curves [1] and [2] atR = 1187 


(Note: In long, straight pipes the change from laminar to tur- | 
bulent flow may occur around R = 2000.) 


Oil A, 200 centistokes; laminar flow when “ <i seeee [4] 
Oil B, 20 centistokes; laminar flow when — <7.5...... [5] 
2 
PLonee=2. oo ee (6] 
di 
where 
P = pipe loss, psi per ft 
¢ = specific gravity 


Oi A; u = 200 centistokes; ¢ = 0.90 


13 “Friction Factors for Pipe Flow,’ by L. F. Moedy, Trans. 
ASME, vol. 66, 1944, pp. 671-684. 


TABLE 1 COMPARATIVE PIPE BORES : FLOW A = 2 X FLOW B : SAME PIPE LOSS (PL) 
Oil B: Kinematic viscosity = 20 centistokes (95 SSU) specific gravity = 0.86 
Oil A: Kinematie viscosity = 200 centistokes (950 SSU) specific gravity = 0.90 
; Bore, Flow,” Pr Bore, Flow, PL, Bore, Flow, PL, 
Oil in, gpm psi/ft in. gpm psi/ft in, gpm psi/ft. _ 
B Ue 6 1/y 12 1/5 18 B Turbulent 
A 0..98 12 0.640 0.86 24 Qi 0.797 36 ‘4.388 A Laminar 
ee een ee pvoten How al 
rn 271 ibergll 96 0.906 1.47 144 1.84 
i 2 ap toe : 5) 192 2 288 7 B Turbulent 
: 92 0-118 2.94 384 0.381 2.94 576 0.775{A Turbulent | 
B 4 384 4 768 4 1152 : 
A 5.9 768 0.0476 5.9 1536 0.160 5.9 2304 0.325 


TABLE 2 COMPARATIVE PIPE BORES : FLOW A = 2 X FLOW B: PIPE LOSS (PL) A = 1/2 PL B 


Oil B: Kinematic viscosity = 20 centistokes (95 SSU) specific gravity = 0.86 
Oil A: Kinematic viscosity = 200 centistokes (950 SSU) specific gravity = 0.90 
wre Bore, Flow,® PL, Bore, Flow, Pass Bore, Flow PL, 
Oil in. gpm psi/ft in. gpm psi/ft in. gpm psi/ft 
B 1/s 6 0.640 1/s 12 2.15 1/9 18 4.33 3B Turbulent 
= d's i ae i hee a a as ae 0.948 36 2.19 A Laminar 
A 2.05 48 0.136 1.80 96 0.453 ee se ee 
ir ieee 129 pale 2 192 0.381 2 288 0.775|B Turbulent 
: Vs 3.4 384 0.191 3.4 576 0.388/A Turbulent 
B 4 384 0.0476 4 768 0.160 4 1152 0.325 
A 6.8 768 0.0238 68) .% 1536 0.086 6.8 2304 0.163 


2 Flow in U.S. gallons of 231 cu in. 


ee Pane re 


_ or flanges, and larger valves. 


~ ance.” 


‘produced on such presses. 
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__ 0.001926.Q1-75 


P4 quis (turbulent flow)......... [7] 
0.04916. : 
a= vee Gaminartow)e x. ¢.. te oa [8] 


Oil B; wu = 20 centistokes; ¢ = 0.86 
ee 0.001035 Q1-75 


4:75 


Pz (turbulent flow)......... [9] 

In the foregoing we have been considering the friction loss in 
straight, smooth-bore pipes. It will be understood that the fric- 
tion loss of elbows, tees, and valves is very considerable and is 
equivalent to many feet of straight pipe. Obviously, larger 
pipes are more expensive to bend; they involve larger couplings 
The cost of valves increases rapidly 
with increase in size, and the whole piping layout is much less 
compact. * 

Flow Resistance of Prefill Valves. The friction loss through 
prefill valves is not well established; there is little, if any, pub- 
lished work on the subject; consequently this subject has come to 
be regarded as a matter of opinion rather than as a matter of 
fact. Mr. Ernst’s reference to ‘‘fairing and streamlining” the 
prefill valve appears to be at variance with his later statement 
that “the viscosity has little or no influence on the flow resist- 
Surely, if the valve is considered as a passage, then flow 
resistance is influenced by viscosity; on the other hand, if the 
valve is considered as an orifice, the flow resistance varies as V?, 
and viscosity is of no account; but one cannot streamline an 
orifice. 

Referring to W. F. Cully’s experiment, previously mentioned, !4 


” it was shown that the limiting velocity without cavitation through 


a prefill valve of 3.6 sq in. was 10.2 fps, with an oil of 725 SSU, 
and 33.6 fps with an oil of 165 SSU, all other conditions being 
equal. The author’s firm has made extensive research into the 
flow resistance of self-acting pump valves; the suction valve of its 
straight-in-line pump is like a miniature prefill valve. It has 
been found that the viscosity of the oil is a very material factor 
in the flow resistance of the valve. It is for this reason that the 
firm’s pump cannot operate at high speed with a heavy-viscosity 


oil. 

Rapid Reversal of Heavy-Press Table. Mr. Ernst contends 
that the reversing type of pump will operate a heavy press with a 
smoothness of acceleration and deceleration, and freedom from 


_ hydraulic shock not attainable by any other means; and he re- 


fers to speeds of 200 fpm or, say, 3fps. The usual practice witha 
constant-delivery straight-in-line pump is to unload the pump 
at the end of the pressing stroke and reload for the return stroke 
at a predetermined rate of acceleration. This can be effected by 
quite a simple unloading valve, and the reversal takes about '/4 
sec. The author is of the opinion that a more rapid reversal can 
be achieved, without undue shock, by means of the constant- 
delivery pump, and more simply than by employing all the com- 
plicated mechanism of a reversible pump. It will be noted that 
in the typical operating cycle previously given, the servoshift to 
reverse the pump takes °/, sec. 

Sustained Pressure and “Follow-Up.” With reference to the 
application of constant-delivery pumps with “on-off control’’ to 
plastic molding presses, it may be sufficient to say that this is 
almost universal practice on self-contained presses in Great 
Britain, and such delicate parts as Amphenol plugs are being 
The on-off control or sustained-pres- 


14 “Modern Direct Hydraulic System,” by F. H. Towler, Proceed- 
ings of The Institution of Mechanical Engineers, London, England, 
vol. 154, 1946, p. 189; discussion by W. F. Cully, pp. 189-190. 
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sure unloading valve simply unloads the pump when the 
pressure reaches a set figure and loads it again when the pressure 
has dropped, say, 10 per cent; the loading unloading during 
follow-up may be 30 times per min, but the pressure in the 
press cylinder varies only 10 per cent. On the other hand, with 
a weight-loaded accumulator, the pressure may vary = 10 per 
cent owing to the friction of the accumulator ram, i.e., the dif- 
ference between the accumulator being pumped up and falling 
by gravity. Even with an air-loaded or nitrogen-loaded ac- 
cumulator, there is usually a pressure difference of at least 10 per 
cent, due to the compression and expansion of the gas load. 
The advantage of the on-off control is that the pump is run- 
ning idle during the cure period, with momentary load peaks 10 
to 30 times per min; and the ceiling pressure can be varied te 
suit the job, simply by adjusting the valve. 
Sustained Pressure + 1 Per Cent. If the pressure must be 
maintained dead steady within fine limits, then a small constant- 
delivery pump blowing off at a relief valve has several advantages. 
For instance, with a variable-delivery pintle-type pump, operating 
at “‘near-zero”’ delivery, the leakage heats up the oil with conse- 
quent fall in viscosity, which further increases the leakage 
until equilibrium is reached; and the pintle valve becomes 
worn by erosion, increasing the leakage still further. On the 
other. hand, the output of the small constant-delivery pump 
continues to pass through the relief valve, the same amount a& 
the same pressure, in spite of any increase in oil temperature or 
lower viscosity; and, if the relief-valve spindle becomes eroded, 
it is more easily replaced than the pintle valve of the pump. , 
Compressibility. The author accepts Mr. Ernst’s calculations, 
and he agrees that the compression-dwell or build-up of the 6000- 
psi press may take !/2 sec more than that of the 3000-psi press. 
The latter, having a cylinder capacity of 10,000 cu in., would be 
similar to the press with 22-in-diam. ram by 25-in stroke and a 
working cycle of 15 sec as just described. It would seem that 
the 1/, sec lost on compressibility at 6000 psi might be set against 
the */, sec servoshift to reverse the pump at 3000 psi. 
Pressure-Viscosity Characteristics of Mineral Oil. As men- 
tioned by Mr. Lamb, the viscosity of an oil increases with prez- 
sure; and it may be added that the pressure-viscosity coefficient 
varies with temperature. There is also some variation betweem 
different grades of mineral oil. Asa rough approximation, it may 
be said that the viscosity will be increased 1!/2 times at 3000 pa 
and 2!/2 times at 6000 psi, both being at 100 F.¥ 
In addition to the effect on viscosity, increased pressure 
tends to induce laminar flow in the critical zone, R = 1200 
to 3000. Thus, supposing flow is turbulent at atmospheric 
pressure and a Reynolds number of say 2700, then increased 


’ pressure will cause the flow to become laminar, with the para- 


doxical result that we have reduced pipe loss at increased pres- 
sure. On the other hand, if the flow is laminar at atmospheric 
pressure, then the pipe loss will increase with increased viscosity 
due to increased pressure. Here again, therefore, the balance o€ 
advantage is with the low viscosity oil, curve B. 

Fire Hazard. The difference in flash point between oils A and 
B is not sufficient to support Mr. Lamb’s contention that there is 
a greater fire hazard with the lower viscosity oil. Under actual 
working conditions, it is the author’s experience over the past 14 
years that the fire hazard is negligible. 


15 The Viscosities and Compressibilities of Liquids at High 
Pressures,” by J. H. Hyde, Proceedings of the Royal Society of 
London, series A, vol. 97, August, 1920, p. 250 (research at 40 C). 

“The Determination of the Pressure-Viscosity Coefficient and 
Molecular Weight of Lubricating Oils by Means of the Temperature- 
Viscosity Equations of Vogel and Eyring,’’ by Dr. A. Cameron, 
Journal of the Institute of Petroleum, vol. 31, 1945, p. 401. 
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' Power Consumption. The author is somewhat surprised by 
Mr, Lamb’s categorical announcement that the straight-in-line 
pump has a “greater power consumption.” This does not seem 
to be supported by the facts. Surely, if cooling coils have to be 
fitted to a press to keep the oil cool, that is direct evidence that 


power is being wasted. The author’s firm has been supplying 
straight-in-line pumps to operate self-contained hydraulic 
presses for the past 15 years, and not one of those presses has been 
fitted with a cooling coil, which is direct evidence that the power 
consumed is doing useful work. 


Elements of Graphical Solution of 


Water-Hammer Problems in Cen-— 


trifugal-Pump Systems 


By A. J. STEPANOFF,! PHILLIPSBURG, N. J. 


Since publication of the “Symposium on Water Ham- 
mer,” in 1933,? considerable progress has been made abroad 
in the development of the graphical method of solution 
Although based upon the 
same fundamental relationships as the analytical solu- 
tions, the graphical method does not require an exact 
knowledge of the theoretical background and, at the same 
time, it gives a clear mental pattern of the events which 
enables one to use it with confidence for solution of prac- 


of water-hammer problems. 


tical problems. Early studies of water-hammer problems 
were carried out almost entirely in connection with water- 
turbine applications. Water-hammer problems in the 
centrifugal-pump field are more numerous and varied, but 
owing to the smaller size of units, the effects of water 
hammer were learned by experience, damage being re- 
paired at a relatively low cost. Centrifugal-pump de- 
signers and users are little familiar with water-hammer 
theory. Fear of involved mathematical treatment has 
been a major factor to such neglect. The author attempts 
to present the water-hammer theory, and the graphical 
methed of solution in its simplest terms. This will enable 
a pump engineer to recognize the conditions leading to 
water hammer, to estimate the possible maximum pres- 
sure rise and, when necessary, to provide means to reduce 


the pressure rise to a safe limit. 


1 Development Engineer, Ingersoll-Rand Company. Mem. ASME. 

2 The American Socinpty or MrcHAanicaL ENGINEERS published 
in 1933, a ‘‘SSymposium on Water Hammer.’”’ This symposium sum- 
marized and reviewed the development of water-hammer theory 
up to that time. It also contains a complete bibliography and his- 
torical sketch. Later a ‘‘Supplement to the Report of the ASME 
Committee on Water Hammer”’ was added. 

A majority of the later articles on the subject deal with the graphical 
method of solution of water-hammer problems. The main con- 
tributors are Schnyder in Germany (1, 2),3 Bergeron in France (3), 
and Angus in United States and Canada (4, 5, 6). Schnyder and 
Angus usé a graphical method as a means for solving sets of simul- 
taneous equations derived from the original Allievi’s functions. 
These are difficult to follow or use without detailed knowledge of the 
rather involved theory. Bergeron proposed a simple interpretation 
of the procedure of drawing water-hammer diagrams which does not 
require an exact knowledge of the theoretical background and, at the 
same time, gives a clear mental pattern of the events which enables 
one to use the method with confidence for solution of practical prob- 
lems. An understanding of the mechanism of pressure waves, their 
propagation, reflection, and addition, is essential for the intelligent 
use of the graphical method even in its simplest form. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the Annual 
Meeting, New York, N. Y., Novemher 28—December 3, 1948, of Tam 
American Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
ef the Society. Paper No, 48—A-89. 


Water HamMer IN SImMpLe ConpuIts 


ATER hammer is defined as the change in pressure in 
x closed conduits above or below normal caused by sudden 
changes in velocity of flow. The presence of a hydraulic 
machine such as a centrifugal pump or water turbine is not a 
necessary condition for water hammer, but it was the danger of 
damage to such machines that induced the study of water ham- 
mer. These studies were carried out almost entirely in connec- 
tion with water-turbine application. Water-hammer phenomena 
in centrifugal-pump installations are more frequent than in water- 
turbine practice but, owing to the smaller size of the units, the 
effects of water hammer are learned by experience, and any 
damage is easily repaired. For that reason users and designers 
of pumps are little familiar with water-hammer theory. 

Fear of the complicated theoretical treatment has been a con- 
tributing factor to such neglect. Fortunately, water-hammer 
theory is one of the rare cases in hydraulics wherein theoretical 
solutions agree very well with the actual tests and observations. 
Graphical solutions .of water-hammer problems are a later de- 
velopment. These are based on the same fundamental relation- 
ships as the analytical solutions but are easier to grasp and, in 
addition to greater flexibility, possess a marked degree of elegance. 
It is essential for a pump engineer to be able to know when to ex- 
pect water hammer, to estimate the possible maximum pressure 
rise, and, if necessary, to provide means to reduce the maximum 
pressure rise to a safe limit. 

Joukowsky’s Law. Joukowsky has found that the maximum 
pressure rise hmax above the normal pressure Hy in a conduit due 
to instantaneous closure of the valve is given by the expression 
known by his name 


where Vo is the normal velocity in the conduit before the closure 
of the valve, a is the velocity of sound in water under the condi- 
tions existing in the pipe, which is the velocity of propagation of 
the pressure wave, g is acceleration due to gravity. 

This equation follows from the application of the second New- 
ton’s law, which states that the force (increase in pressure at the 
valve) is equal to the time rate of change of momentum of the. 
moving mass. In Fig. 1 consider a long pipe flowing full with a 
uniform velocity Vo under the head Ho. If the valve at its endis 
closed instantaneously, then at time ¢ a portion of the column of 
length x will have its velocity reduced to zero; then 


A 
—— Ayhmax aa ae » Vo 
gt 


where A is the area of pipe, and y is specific weight of water; 
hence 
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Here «/t is the rate at which the pressure wave travels along the 
pipe, and this is equal to the velocity of sound in the water within 
the pipe. Since the velocity Vo in the pipe prior to the valve 
closure was constant and velocity of the pressure wave a is con- 
stant, the pressure at the valve remains constant. The water be- 
tween the valve A, in Fig. 1(b), and the wave front will be at rest 
under a state of uniform compression under the head Amax (in 
addition to initial compression due to Ho), while water between 
the wave front point B, Fig. 1(b), and the open end of the pipe 
{point C) is under its original pressure at every point and moving 
with a constant velocity Vo toward the valve. When the wave 
front reaches the open end of the pipe C, the whole pipe is com- 
pletely filled with water at rest under an additional pressure head 
Jmax uniform along the whole pipe length, Fig. 1(c). 

However, the instant the pressure wave reaches the open . 
end, water in the pipe will begin to expand through the open end, 
creating a velocity Vo in the pipe in the opposite direction and re- 
hieving the pressure back to its original pressure, Fig. 1(d). This 

‘pressure drop travels backward from the open end to the valve 
with the same velocity a, and reaches the valve in a time 2L./a 
from the time of valve closure. At this instant the pipe is again 
under the normal pressure and the water moves with velocity Vo 
toward the reservoir, Fig. 1(e). In the next instant water will 
continue to move toward the reservoir, bringing the slug of water 
adjacent to the valve to rest, at. the same time the pressure at the 
valve will drop below its normal pressure Hy) by —Imax, exactly 
equal to the pressure rise during the first interval of time 2L/a 
as the same velocity is destroyed at the same rate. The wave of 
subnormal pressure —/max now starts from the valve, Fig. 1 (f), 
and reaches the open end at time 3L/a, when all water in the 
pipe is at rest under reduced compression due to a negative head 
of —hmax, Fig. 1(g). During the next instant water will flow into 
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the pipe with velocity. Vo restoring the pressure in the pipe 
to the original value Ho, Fig. 1(h). At the end of the 
second interval 2L,/a, or total time from the valve closure 
4L/a, the conditions will be the same as before the valve 
closure, Fig. 1 (i). After that the new cycle begins and 
repeats itself continuously until the original kinetic en- 
ergy of flow is dissipated in pipe friction, internal water 


friction (due to velocity rearrangement), and energy re-| 
However, the damping has little| 
effect on the pressure of several cycles under usual condi-| 


jected into reservoir. 


tions. 


It will be noticed that while part of the water column | 
is expanded or compressed the rest of it is at rest (or) 


moving with a constant velocity). Thus there is no mass 


oscillation as a whole as has been observed, for instance, | 
q 


on boiler feed pumps with unstable characteristics, produc- 
ing pressure surges in the discharge lines. 


The time to complete a round trip for the pressure| 
2L/a is called variously ‘‘period of pipe,” | 
one interval of time.” | 


wave uw 
“reflection time,” “‘critical time, 
The latter term will be used in this paper. 

Sudden Opening of Valve. 
can be similarly traced for a sudden valve opening. The 
magnitude of the pressure drop and rise is given by 
Joukowsky’s Equation [1], and is the same as in the case 
for a sudden valve closure. However, during the first 
interval of time u, pressure at the valve remains subnormal, 
while during the second interval the pressure is above the 
normal. The velocity fluctuates from 0 to 2V, about its 
average velocity V, which is the final velocity of the 
established flow. 

Partial Valve Closure. An instantaneous partial valve 
closure produces the same cycle of events as a complete 
valve closure. The pressure rise and fall is given by the 
formula 


27 66 


h sat calMosti) 
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where Vois the initial velocity of flow, 

V is the final velocity. The pressure diagram for the two inter- 
vals will be the same as in Fig. 1, but the velocity will fluctuate 
from Vo to Vo — 2AV about its average value V = Vo — AV, 
which is the final velocity of established flow. 

Gradual Valve Closure. This case is usually considered as the 
equivalent of a series of consecutive instantaneous partial closure 
movements, each producing a pressure wave proportional to the 
increment of velocity destroyed and traveling between the valve 
and open end of the pipe. The pressure at any point of the pipe 
is the algebraic sum of all pressure waves, direct and reflected. 
Thus the pressure will continue to rise at the valve during the 
whole first interval 2L,/a until the reflection wave arrives at the 
valve at this instant. . 

Variation of Pressure Rise Along Pipe. If a valve closure 
occurs instantaneously the pressure wave will travel undiminished 
up the pipe to the open end as shown in the diagram of Fig. 1. 


Fig. 2 shows the variation of pressure with time at the valve | 


A, near the open end of the pipe C, and at an intermediate 
point B. At the open end C the original pressure Hy prevails. 
For a gradual valve closure, when the total time of closure 7’, is 
equal to or greater than one interval of time, the maximum pres- 
sure rise occurs at the valve and from there to the open end it re- 
duces to zero uniformly along the length of the pipe (Fig. 3, full 
line). Note that although the pressure wave travels undimin- 
ished along the pipe after each partial instantaneous closure of 


the valve, at points other than the valve there are times when | 


The sequence of events 


| 


STEPANOFF—WATER-HAMMER PROBLEMS IN CENTRIFUGAL-PUMP SYSTEMS BAT 


pressure remains unchanged. Thus in Fig. 2 at point B in the 
middle of the pipe the original pressure H prevails during time 
4/2 between each positive and negative pressure wave. When 
series of pressure waves are traveling along the pipe as a result 
of successive partial valve closures some of the waves would fall 
in the gaps between the positive and negative pressure waves; 
pressure waves of opposite sign will cancel each other, and as a 
result, a pressure distribution as shown in Fig. 3 is obtained. 
If the closure time is less than one interval of time, 2L/a, the 
maximum pressure rise will be transmitted undiminished to an 
intermediate point (a distance Ta/2 from the open end), and 
from that point to the open end the pressure rise reduces uniformly 
to zero (Fig. 3 dotted line). 


W 
z 
ie 


p 


Fig. 2 PRESSURE VARIATION WiTH Timm ALONG PipE 
(uw = 2 L/a, one time interval.) 


Fie. 3 Prussure Distripution ALONG Pirp 
(Full line T = yw; dotted T < yz.) 


.As soon as the valve movement ceases, the supernormal pres- 
sure at the valve will be succeeded by subnormal pressure and the 
pressure will fluctuate between these limits until damped out by 
friction, Fig. 7. 

Velocity of Pressure Wave. Knowing the pipe size, thickness, 
and material, and the bulk modulus of the liquid, the velocity of 
the pressure wave can be calculated by using the formula 


et | ee ae {3] 


1 

a= i q 
mlley (ee, 
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where 
y = specific weight of liquid 
k = bulk modulus of liquid 
d = pipe diameter 
e = pipe thickness 


E = pipe material modulus of elasticity 


For cold water k = 294,000 psi for pressures up to 500 psi; 
this increases as the water temperature and pressure are in- 
creased. For steel pipe H = 29,400,000 psi. Using these values 
for cold water and steel pipe Equation [3] becomes 


A simple development of this formula is contained in the sym- 
posium (7), 

It should be noted that elasticity of pipe and water serves to 
cushion the shock due to a sudden change in velocity of flow. 
Without these, or considering the water column as a solid rod; 
the rise of pressure would be greater, and, in fact, theoretically 
infinite in the case of a sudden complete closure of the valve. 
This follows from Equation [3] for if k and E are infinite, a 
becomes infinite, and hence /max becomes infinite. 

Pipe of Variable Diameter. In the case of a compound pipe 
consisting of several sections of different diameters, an “equiva- 
lent velocity” is used for calculation of the maximum pressure 
rise with Equation [1]. . The equivalent velocity is defined as 


6 InV; + LnV> + ete. 
=; iB 


V 


where Ly, is the length, and V; is velocity of one section of pipe; 
I, and V2 the same for the second section, etc.; L is the total 
length of the pipe. The value of the pressure-wave velocity for 
a compound pipe is determined by the following equation 
L L Ls ; 
a me ete cas. oid Sue [6] 
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where ai, a2, etc., are the values of the velocity of sound in the 
first, second, etc., portions of the pipe. The value of a is re- 
ferred to as ‘‘effective’’ velocity of the.pressure wave. If the 
closure time is appreciably greater than one interval (over 4 inter- 
vals) accurate results are obtained by using ‘‘equivalent’’ velocity 
of flow and effective pressure-wave velocity. 

Pipe Friction and Velocity Head. In all discussions it has been 
assumed that the pipe velocity is so low that the pipe friction loss 
and velocity head are very small in comparison with the head 
Hy. Therefore the head Hy prevailed at all points of the pipe 
before the valve closure. Such conditions could be realized, for 
instance, if there is a nozzle at the end of the pipe, provided with 
a needle valve similar to those used with Pelton water wheels. 
With water turbines such conditions are approximated, and the 
rate of flow may be varied by wicket gates with very little or ne 
change in pressure in the penstock. 

When the pipe is not horizontal (as shown in Fig. 1), then the 
original head Hp is the total head, or neglecting the friction loss 
and velocity head Hyp = p/y + y, where y is the elevation of the 
point of pressure measurement above the nozzle, Fig. 4. 


GRAPHICAL SOLUTION 


In the cases of sudden valve closure and closure in a time 
equal to or smaller than one interval of time, Joukowsky’s Equa- 
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tion [1] gives accurately the maximum pressure rise in a simple 
conduit which takes place at the valve. In the latter case nega- 
tive (reflected) waves will not have reached the valve in this time, 
and the pressure rise is built up gradually to the same value as it 
would reach after a sudden valve closure. If the total closing 
time is greater than one interval, the pressure rise at the valve 
is equal to the sum of the supernormal pressure waves created 
by the valve closure and the negative waves arriving from the 
open end of the pipe. The maximum pressure rise can be found 
by determination of pressures at a fixed point (at the valve) at 
some arbitrary interval of time, like in the arithmetical integra- 
tion method of Gibson (8) or Quick (9) and analytical method of 
Allievi, or by following the pressure variation of some arbitrary 
pressure wave as it travels back and forth from the valve to the 
open end of the pipe. The latter is the principle employed in 
the graphical method by Bergeron. In the graphical method the 
pressure rise at end points is determined as an intersection of 
the ‘“‘surge characteristics” with the system characteristics given 
by the end conditions of the pipe, somewhat in the manner used 
for the determination of the operating point of a centrifugal pump 
discharging into a pipe line. 

The graphical method is more flexible and easier to grasp than 
the analytical method. It permits solution of a variety of water- 
hammer problems not possible analytically. : 

System Characteristics. In any closed conduit to be investi- 
gated for water hammer, the system characteristics either are 
known or are estimated. This means that the relationship be- 
tween the head and capacity, or velocity, at both ends of the 
conduit are known for a steady condition prior to the valve 
closure. Such a relationship can also be established for any par- 
tial valve opening. The same relationships hold at any instant 
during the gradual valve closure. Taking as an example 
a nozzle discharging freely under a head Ho, Fig. 5 (a) with the 
nozzle wide open, the system characteristics for the point A, is a 
square parabola, marked O in Fig. 5 (6), representing velocity 
in the pipe (not a velocity through the nozzle) in terms of head in 
the‘reservoir Hp. This applies to a steady flow prior to valve 
elosure or at time ¢ = 0. Such characteristics can be drawn for 
any valve position. 

For instance, if the valve is gradually and uniformly closed in 
time T = 3y, the nozzle will be 2/; open at time ¢ = » and, under 
the same head, the pipe velocity will be 2/s of the original velocity 
¥).'" This is expressed by a parabola marked wu, with abscissas 
2/, of their original values at any head. Similarly, at time ¢ = 
2ui the nozzle is 1/; open, and the system characteristic is a para- 
bola'2Qp. At time 3y the flow is zero and the system character- 
ixticS coincide with the axis of heads. A uniform valve closure 
was assumed for simplicity. : 

There is no added complication in the procedure of the graphi- 
cal method for other rates of valve closure as long as the discharge 
through the valve is known as a function of time. This results 
only in a different spacing of parabolas 0, u, 2u, etc. Another 
property of the system is that the pressure at the point C always 
remains equal to Hy at all rates of flow and is not affected by the 
valve closure. The line Hy) = const is a system characteristic for 
the point C,  Parabolas 0, u, 2u, and 3u represent a time scale on 
the diagram for the events occurring at point A. Such a time 
scale can be drawn at each »/2 or w/4 interval, or a parabola of 
time can be drawn for any specified time from the moment the 
valve closure starts. Both system characteristics, parabolas 
pv, 2u, 3u for A, and Hy = const for C, give the “end conditions” 
for the pipe at any given time. Pipe friction and velocity head 
will be neglected for the time being for simplicity and will be dis- 
cussed later. 

Surge Characteristics. Applying Joukowsky’s equation to a 
partial valve closure the pressure rise becomes 
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(a) 


which shows that the pressure rise is proportional to the velocity 
drop; —a/g being the factor of proportionality. Equation | 
[7] is a typical straight-line equation where —a/g is a “slope 
coefficient.”” The expression —a/g is not a tangent of the angle 
a between the straight line, Equation [7], and the positive direc- 
tion of axis of V, because V and H are not of the same dimensions 
Therefore —a/g is not dimensionless as a tangent should be. — 
The actual slope of the line depends upon the scales used for V 
and H and does not affect the results. This is determined from 


where the numerator is the pressure rise for an arbitrary velocity 
drop Vo — V; both expressed in inches to the scale used for the | 
diagram. Equation [7] is a surge characteristic and represents — 
pressure rise in terms of pipe velocities at the valve (point A, Fig. — 
5). Point Ao in Fig. 5 (6), represents the initial conditions. The | 
-pressure rise will continue during the first interval , until point — 
A, is reached on the parabola ». At this instant the first re- 
flected negative wave (or pressure drop) will arrive at point 
A, Fig. 1(d). : 

Fig. 6 (a) shows a simplified diagram of the pressure-wave posi- 
tions at time «4/2, assuming that velocity is extinguished instan- 
taneously by the valve at equal increments at a uniform rate. 
Fig. 6(b) shows a diagram of pressures along the pipe at time 
u. The broken line AiC; shows the supernormal pressures pro- 
duced at A. These are partially canceled by the reflected nega- 
tive pressure waves arriving from C. The latter are represented 
by a broken line C1Ao. All the pressure waves produced during 
time y»/2 in Fig. 6 (a), are reflected at C and moving toward A. 
The net pressures along the pipe are equal to the difference be- 
tween the two and are represented by a lineCoA:. The pressure 
rise AoA; is the same as that due to a sudden valve closure de- 
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stroying the same velocity instantaneously. It is easy to see 
from Figs. 6 (a) and (6), the effect of the pipe length on the maxi- 
mum pressure rise at the valve. The longer the pipe the longer 
the pressure at the valve will be built up until the first negative 


| cae ea 


(b) t =M 


Fig. 6 Pressure Rist ror GRADUAL VALVE CLosuRE 


wave arrives at A, as uw is directly proportional to the pipe length. 
Actually, events at the valve are complicated by the fact that 
even with a uniform valve closure (as just defined), the velocity 
through the nozzle (and pipe) is affected by the pressure rise at 
the valve which varies with time. However, the linear relation- 
ship between velocity and pressure rise holds irrespective of time, 
or space. ; 

From the beginning of the second interval it is easier to follow 
up the pressure variation of the pressure wave leaving A att = 
uw, than to keep a record of the pressure at point A. Leaving 
point A at this instant and moving in direction C the pressure 
wave will meet the negative waves reflected at C. The negative 
pressures are appearing at C at the same rate as positive pressures 
were created at A. Therefore the pressure of the traveling wave 
will be reduced at the same rate. The surge characteristic will 
change its direction, but the linear relation between pressure 
drop and velocity in the pipe is maintained. Its equation will 
become 


In Fig. 5 (6), Equation [9], is represented by the line AiC1.s. 
The pressure continues to decrease for one half of interval, while 
the pressure wave travels from A to C. At time 1.5 u, it will 
reach point C, and will change its direction moving from C to A. 
Now the traveling wave will meet supernormal pressure waves, 


hence its pressure will increase, or the slope of the surge character- 


istics will change again. Thus the surge characteristic will 
change its direction each half of interval or at intersections with 
parabolas yw, 2u, 34 producing points Ai, As, Az and points Ci.s, 
C2,5, C3.5 aS intersections with the system characteristics for the 
point C. Velocity in the pipe is decreasing from Vo to 0, or until 
the surge characteristic intersects the axis of H. Hereafter the 
‘pressure at A will fluctuate between A; and A, in the same manner 
as after a sudden valve closure. The surge characteristic, if con- 
tinued after the valve closure, will be represented by As, C%.s, 
A4, C>.5,Az3 still changing its slope each half interval of time »/2. 
The velocity becomes negative and positive alternately each 
interval of time as illustrated in Fig. 1. Points A1, As, As, and 
' A, show the pressures at the valve (point A) at times I, 2, 3, and 
4 intervals from the beginning of the valve closure. 
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Note the notation in the diagram, Fig. 5 (b). Capital letters 
A and C show the pressures at points A and C on the pipe, Fig. 5 
(a), at times indicated by subscripts given them such as Ao, A1, 
Az, As, As, and Cos, C15, Cos, Cs.s, and which are expressed as 
fractions or multiple of one interval of time » = 2L/a. 

Fig. 7 shows the pressure-time curve for the point A at the 
valve plotted from the data in Fig. 5 (0). 
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Fig. 7 Pressurn AT VALVE A Vursus TiME 


If more points are desired, the system characteristics for the 
point A are drawn at half of one interval of time, Fig. 8, and the 
pressure variation of two pressure waves are followed up; one 
leaving A at time ¢ = wu (full line), and the other leaving A at 
time t = yw /2 (dotted line). The surge characteristics for this 
wave are Ao, Aos, C1, Ais, Co, Aes, C3, drawn in the same manner, 
i:e. changing its direction each time it strikes the C characteris- 
tics, or A—parabolas at one interval of time spacing. Thus we 
have obtained additional points Ao.s, Ais, 42s. In general we 
could follow up any pressure wave leaving point A at any in- 
stant between 0 and » and draw its surge characteristics. For 
that we would need time parabolas drawn at » intervals from the 
pressure-wave departing time to locate the points of change in 
the slope of the surge characteristics. In this way it is possible 
to determine the pressure at point A at any desired instant. 

Note that the slope of the surge characteristics is positive 
(+a/g)-when the pressure wave travels in the direction opposite 
to the original flow velocity or from A to C; the slope is negative 
(—a/g) when the pressure wave travels in the direction from C 
to A. 

Pressure Rise at Any Point on Pipe. For practical purposes 
only the maximum pressure rise is of importance. In our example 
it takes place at the valve. However, to illustrate the flexibility 
and general properties of the graphical solution, the method used 


Fig. 8 Pressure Rist ror Two Points, A anp B 
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to determine the pressure at some point between A and C will be 
shown. For simplicity take point B, Fig. 8, midway between 
AandC. Note that the pressure rise created by the valve closure 
at A will not be felt at B until time 4/4 sec. Therefore point 
Ay can represent the pressure at B until time 0.25 w (marked 
Bo.os). Thereafter, when the pressure wave travels from A to C, 
it will reach Bo.os uw sec later. But, on its way from C to A, the 
pressure wave will reach Bo.25 « before it reaches A. On the dia- 
gram, Fig. 8, the points representing pressures at B are placed 
between A and C points at 0.25 » sec from either one, and are 
marked Bo.7s, B1.25, B1.75, Be.25, Bo.7s, which are intersections of the 
two surge characteristics of the two pressure waves at 0.5 » time 
spacing. For any other point, say, D at L/4 from A, a surge char- 
acteristic should be drawn starting on line AoA; and parabola 
0.75 » (nearer to Ai) and changing its directions at Hy = const, 
and parabolas 1.75 p, 2.75 u. Evidently the pressures at D will 
be higher than at B and lower than at A. 

Bergeron’s Interpretation of Events During Valve Closure. The 
surge characteristics, according to Bergeron, should be drawn by 
an imaginary observer traveling at the speed of the pressure 
waves and recording pressures as he moves along the pipe from 
one end to the other. © 

For drawing the surge characteristics, the observer is guided by 
the following rules: 


1 Remaining at the valve (point A, Figs. 5, and 8) for yp sec, 
the observer will record the pressure rise there (line AoAu, Figs. 5, 
and 8). If the valve closure continues, the observer starts moving 
from A to C meeting the reflected waves from C' (in the same order 
as they were produced at A) which will reduce the pressure rise 
from A, to zero at C (point Ci.;). The observer now returns to 
A, recording pressures as he moves (line Ci.sA2). The observer 
will eontinue to commute from A to C and back until the valve 
is completely closed. 

2 The slope of the surge characteristic is —a/g when the ob- 
server is moving in direction of the initial flow, and the slope is 
-+a/g when he moves in the opposite direction. 

3 When the observer finds any discontinuity of his path, the 
surge line changesitsslope. Following are a few typical examples 
of discontinuities: (a) Change in pipe size and thickness (differ- 
ent value of the velocity a in the slope coefficient a/g); (b) a 
- branch in the conduit; (c) a hydraulic machine, such as a cen- 
trifugal pump; (d) end of the pipe. 

4 Attheend of the pipe (or each »/2 sec), the observer changes 
his direction, therefore the surge line changes its slope. 

5 To obtain a desired number of points on the diagram it may 
be necessary to send more than one observer along the pipe. 
Sinee, during the first » sec, the maximum pressure occurs at 
the valve, the first observer should stay at A u sec to record the 
maximum pressure at this point. The other observers could 
eave at equal time spacing so that pressures at A are recorded 
at equal time intervals, and this results in a uniform time scale 
on the diagram. In Figs. 5 (b) and 8, line doA; locates the start- 
ing points of all observers (point A on the pipe) and time of their 
departure between ¢ = 0 and ¢t = yw sec, time scale being given by 
the system curves, such as parabolas 0, u, 2u, etc., in.Figs. 5 (b) 
and 8. 


Valve Closure From Some Intermediate Position. If a valve is 
elosed completely or partially from some intermediate position, 
the pressure rise may be considerably higher than that produced 
by a complete valve closure at the same rate from the wide-open 
position. In Fig. 5 (b), suppose the original position of the valve 
is two thirds closed, the operating point A2° is on the intersec- 
tion of the curve 24 and Ho. If the valve is now closed in a time 
» (the same rate as before), the pressure will rise during a com- 


plete interval y, and will reach the point A;}, along the dotted lin 
A. A;) which is higher than the maximum pressure rise pre 
viously obtained. When starting from wide open (Ao), th 
pressure rises during a complete interval u (AoA1) but the slop 
of the parabola wis such that the pressure rise is lower than fo 
closure from any intermediate position. 

Effect of Pipe Friction. There are several methods used ta 
take care of pipe friction loss in the graphical solutions of water 
hammer problems. Al] are approximate but sufficiently accurat 
for the determination of maximum pressure rise at one of the ex- 
tremities of the system: 


1 In the problem shown in Fig. 5 (a) and (6), suppose the pip 
friction loss from A to C is hy, Fig. 9. This plotted against ve- 
locity in the pipe is represented by the curve h;. In one method! 
(Schnyder’s) the pipe friction loss is subtracted from the syste 
characteristics Ho for the point C, and the resultant (curve &,) 
is used for the construction of the surge diagram as shown in Fig. 
9. This method is equivalent to an assumption that all pipe) 
friction is concentrated at point C (for instance, a local obstrue- 
tion). 


(eo) 
Fig. 9 Pressure Risr WitH Friction ALLOWED aT C 


2 In the second method it is assumed that all friction loss is 
concentrated at the valve at point A. This means that pressures 
on all system curves for A, (parabolas 0, 1, 2... Fig. 10), are | 
raised by the amount of friction to produce the same velocities 
(curves 0’, 1’, 2’). Using these new system curves for A and Hp‘ 
= const for the point C, the diagram is completed following the | 
same procedure. This method in essence is the same as that used 
by Bergeron, 


EXAMPLES oF WaterR-HAMMER PROBLEMS IN CENTRIFUGAL-. 
Pump Sysrems 

Power Fatlure—No Check Valve. A pump A in Fig. 11 is dis-_ 
charging into a tank C under static head H , and friction head h,. | 
The system curve for point A (pump) is Ro for steady conditions | 
before power failure. There is no check valve between the res- 
ervoir and the pump. In event of power failure assume that. 
the pump will-slow down, stop, and reverse in‘Jess than one in- 
terval of time, u. The pump will then operate as a hydraulic 
turbine under head H, at runaway speed. The pump character- 
istics under these conditions is Ra; and the operating point for 
final equilibrium is D. Prior to the power failure, the system 
curves are the pump head capacity curve Rao and the pipe resist- 
ance curve &,, which fix the operating point Ao. The pipe ve- 
locity V is used to represent capacity. At the instant of power 
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Fie. 11 Powxrr Farture WitHout a Cueck VALVE 


failure and for one interval of time, the pressure and velocity 
at point A drops. Starting with the point Ao the surge charac- 
teristic is-drawn with a slopé + a/g. The surge velocity a is 
calculated by means of Equation [4]. 

The pump will stop and reverse in a time of one interval yu (or 
less); after which the pump characteristic becomes Ra:, and 
all points for A on the diagram lie on this curve. 

The first point is given by intersection of Ra: with the surge 
characteristic AoA1. 

After the pump reversal, the velocity in the pipe is negative 
and the characteristics for the point C are given by the curve F,!. 

All points for C on the diagram for different times will lie on the 
R,) characteristics. 

At time » we send out an observer from A to C to record the 
pressures. The surge characteristic at A, will change its slope 
from +a/g to —a/g as the observer is traveling in direction of 
original velocity Vo, going from A to C. When he gets to C 
after a time »/2 sec, the surge characteristics recorded there will 
- give point Ci.s. Although the observer will record Hs pressure 
at C, this should be reduced by the amount of friction and ve- 
locity head, because the flow through the pump at A is produced 
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by the net pressure available at that point. In other words, we 
assume that all pipe resistance is concentrated at C, and Rie. ob- 
server will record the pressure just ahead of this obstruction. 
Returning from C to A the observer will change the slope from 
—a/g to +a/g and will record point A» at time 2u. Changing 
the direction again at A and going to C the observer will record 
point C25 there. Points Az, C35, As, etc., are obtained in the 
same manner, Experience has shown that, even with little or no 
pipe friction, no dangerous pressure rise occurs. With a long 
suction pipe its resistance should be added to the pump charac- 
teristic for the reverse flow Ra:, making it steeper. This will re- 
sult in a higher pressure rise in the system. 

Level Receding in Tank. If the static level in the tank C is re- 
ceding as the flow is reversed in the pump, the levels at times 1.5 
2.5m, etc., should be known or estimated, and system charanveee 
isties for the point C are drawn for times 1.5u, 2.5u, ete., using 
different characteristics each time the observer reaches point C. 
Otherwise the procedure remains the game as in the foregoing 
example.. 

A Check Valve at Pump. If the check valve closes instantane- 
ously, no water can flow past it. This means that the system 
characteristic Ra for the point A coincides with the axis of heads, 
Fig. 12. Thesurge characteristic AoA1C1.5A2C2.5, etc., is drawn as 
in the previous example, and the operating points (pressures 
at A and C) are obtained as intersections of the surge character- 
istics and the system characteristics. If the check valve fails 
to close fast enough to prevent back flow through the pump, the 
surge line AcA; would be extended to the left to intersect a 
parabola of the combined characteristic of the pump running 
backward and the check valve partly open, and higher pressure 
rise will result. 
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Fie. 12 Power Farture WiTH a Cueck VALVE 


Depending on the value of a/g, the surge characteristics AoA, 
may intersect the axis of velocities before it does the axis of heads, 
Fig. 13. This means the pressure has dropped to the pump- 
suction pressure and cannot drop any lower as the check would 
open and let water flow through the pump. At the end of the 
first time interval » only part of the original velocity AV is de- 
stroyed, and the flow will continue with a velocity Vi in the same 
direction. The check valve is still open. Construction of the 
rest of the diagram is evident from the figure. _ Note that a greater 
pressure rise is obtained if the pump operates at a lower origina] 
velocity Vo!, because the velocity destroyed is greater, being a 
maximum when Aj! coincides with the zero-head-capacity point. 
In that case the whole original velocity Vo! is destroyed... 

Relief Valves and Surge Suppressors. A surge suppressor con- 
sists of a special relief valve of adequate capacity arranged to 
open at a predetermined rate under conditions which would pro- 
duce a surge and before check-valve closure, after which the relief 


522 TRANSACTIONS OF THE ASME JULY, 194: 


Fie. 138 Pressure Drop To Suction LEveu’ 


valve slowly closes. Surge suppressors may be arranged to be 
actuated hydraulically, mechanically, or electrically. A number 
of installations were equipped with surge suppressors (13), partly 
to prevent reverse rotation, partly to reduce the pressure rise in 
the pipe in case of power failure. The method of operation of the 
surge suppressor will be illustrated in the example in Fig. 14, 
showing a pump with a check valve and surge suppressor. The 
system curve of the surge suppressor is shown by a parabola Ras. 
The suppressor is set to open at a time between w and 1.5u. The 
AoAiCi.5 part of the surge characteristics is drawn in the same 
manner as in Fig. 12. Point A: is placed on the parabola Ras, so 
is As. In this way the pressure rise is almost entirely eliminated. 
After the flow settles at the point D, the surge suppressor is gradu- 
ally closed and the final point of the system moves from D to D! 
on the axis of heads. 

In recent installations positively controlled valves combine 
the functions of both a check valve and a surge suppressor. 

Flywheel Effect. Ut the pump in the first example has an ap- 
preciable rotating mass, the inertia of the rotating element will 
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Fie. 14 Pump With Curck VALVE AND SuRGH SUPPRESSOR 


delay the retardation and reversing of the pump speed in event 
of power failure to a time greater than one interval of time, u. 
The author knows of instances when centrifugal pumps were pro- 
vided with flywheels so that in case of electrical power failure a 
steam turbine could take over the load with a minimum drop of 
the discharge pressure. In this case, at the end of the first inter- 
val, the pump characteristic will be a regular head-capacity curve 
at a reduced speed (Ru, Fig. 15). Several such characteristics 
may be drawn at speeds corresponding to times u, 2, etc., from 
the instant of power failure. 
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Fig. 15 Pump Wire Fuywupet-Errect ARRANGEMENT, Fa. 11 (a) 


To draw such characteristics, pump speeds at times yw, 2, ete. 
are determined from the relationship 


Torque 7) is known at the time t = 0; J is the moment of inerti 
of the revolving mass, including the motor rotor; dw is the in~ 
crement of angular velocity reduction during an increment 0 
time 6¢. Using 6 = yw, 6w is determined and thus the speed 
m, at time wis established. The pump characteristic Ra: at speed 
m, is drawn. Point A; is determined and torque 7), can be 
calculated. The pump speed at time 2u can be determined in the 
same manner and lines A4,C;.; and C;.;A2 are drawn. 

The pump will reach the zero speed point between times 2u 
and 3u. After that the pump will run in a reverse direction’ 
gradually increasing its speed and always remaining on its zero 
torque characteristic Ra;. The rest of the diagram is drawn in! 
the same manner as in the first example. 

If more points for a pressure-time curve at the pump are 
wanted the head-capacity curves are drawn for »/2 intervals, 
and two observers are sent out from A, one at time t = yw, and the 
other at time ¢ = yu/2, they will record pressure at A at u/2 
intervals. As a means for reduction of pressure rise, use of a fly- 
wheel is not very effective. For instance, in one case an 800-hp, 
1200-rpm pumping unit having a: WR? of 1450 Ib in.? and deliver-} 
ing 9400 gpm at 284 ft into a 42-in. pipe 900 ft long, reversed in 
0.8 sec and produced a pressure rise of 108 ft. When supplied | 
with a flywheel with WR? = 5500, the time of reversal increased 
to 2.42 sec, and the pressure rise reduced to 48 ft (14). Thus, to 
reduce the pressure rise to 44.5 per cent, the moment of inertia 
of rotating mass (WR?) had to be increased 4.8 times. 

Valve Opening. Fig. 16 shows a water-hammer diagram for a 
pump started with the discharge valve closed, and then the valve 
suddenly opened. The surge diagram is drawn starting from the 
point A» and zig-zagging between the pump characteristic Ry 
and the pipe characteristic Rg until the final point D is reached. 

Positively Controlled Valves. To avoid surge pressures due to. 
a sudden check valve closure when a pump is shut off or when the : 
power fails, valves with automatically controlled closure time | 
are used. The most advantageous valve-closing time can be 
established from a study of the water-hammer diagrams. | 

In Fig. 17 (a) the pump at A discharges against a static head 
Hg and pipe-line resistance Rg. In Fig. 17 (6) Ra is the char- 
acteristic of the pump running in the reverse direction at zero 
torque; Rv: is the valve resistance curve at time u, Rvs is the 
same at time 2u. At time 3u the valve is completely closed. In 
order to construct the surge diagram, the system characteristics 
are drawn for time » and time 2u by combining Ry: and Ra, and 
Ry2 and Ra, to obtain Rar and Ras, respectively. Ra; coincides 
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with"the axis of heads. In Fig. 17 (c) the-surge characteristics 
are then drawn following the usual procedure. Points Ao,A1, 
AsyA3, 2. D give pressures at A at one interval of time spacing. 

Valve Closure at End of Discharge Pipe. In Fig. 18 a centrifugal 
pump at A delivers water against a static head Hs to the tank at 
C. The pipe resistance characteristics Reo determine the opera- 
ting point Ao. Now suppose the valve at C is closed in a time 
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Fig. 17 Positrvety CONTROLLED VALVE CLOSURE 


[ = 3u, while the pump is running. The system characteristics 
or the point C with the valve throttled at times u, 2u, and 3p, are 
Roi, Rc2, and Re, respectively. The pump characteristic for 
,0sitive flow will remain Rao and for negative flow it is represented 
yy Rar. The surge characteristic Ao.s, Ci, A1.s, C2, Ass, C3 is drawn 
n the usual manner, the maximum pressure rise being at C%. 
f the valve at C is closed in a time T Z yp, the surge characteristic 
vill be Ao, C1’, Ais’, C2’ as shown by the dotted line. 


SpreciaL PROBLEMS 


Water Hammer in Suction Pipe. In all examples thus far con- 
idered, attention has been confined to water hammer in the dis- 
harge pipe between the points A at the pump-discharge flange 
nd C at the open end of the pipe, as in Figs. 11, 17, and 18. 
owever, all velocity changes in the discharge pipe are followed 
yy a corresponding velocity change in the suction pipe; thus 
rater hammer is also produced in the suction pipe and pump 
asing. 
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Mechanically, the suction pipe and pump casing may be the 
most vulnerable parts of the whole installation. It is not often 


that long suction pipes are used and, as a rule, suction velocities 


are lower than those in the discharge pipe. Thus dangerous 
pressure rises due to water hammer in suction pipes are not fre- 
quent. However, cases of suction-pipe damage are on record 
(19). The author knows a number of cases where pump casings 
cracked on gasoline loading pumps due to a sudden closure of a 
quick-closing valve at the end of the discharge pipe. In several 
cases vertical turbine pumps (in a suction barrel), used for a 
similar service, developed buckled shafts (by compression) in 
addition to cracked discharge nozzles, thus indicating a higher 
pressure in suction than in discharge. Angus mentions cases in 
which the entire rotating element of a hydraulic turbine has been 
lifted by the pressure rise in the draft tube, which corresponds 
to the suction of centrifugal pumps (20). 

Suction pipes, including the pump up to the discharge flange, 
can be investigated for water hammer in the same manner as that 
used for discharge pipes. The end conditions are fixed by. the 
system characteristics. The suction level for the intake end of 
the suction pipe (point S in Figs. 11, 17, and 18), and the other 
end (A in these figures) is common for both the suction pipe 
(including pump) and the discharge pipe; thus the same char- 
acteristics apply. The starting point A» is given by the initial 
conditions and is also common for both pipes. 

Evidently, if the object of a study is a determination of the 
maximum pressure rise there is no need to draw a water-hammer 
diagram for the suction pipe because the maximum rise will appear 
in the discharge pipe. However, the pressure rise produced on 
the discharge end of the pump will travel through the pump 
casing and into the suction pipe (reduced only by hydraulic 
losses) when not prevented by a check valve or positively con- 
trolled valve. In the case of a sudden valve closure, Fig. 18, the 
pressure rise C,’ will travel the full length of the suction pipe 
undiminished (except for hydraulic losses), the duration of super- 
normal and subnormal pressure decreasing from pu sec at C to 
zero at the free end of the suction pipe. Reference to Fig. 2 will 
illustrate the point. Note on this figure that at certain times 
(for instance p to 1.254), the pressure at a point C’, the point 
most removed from the valve A, is higher than at the valve by 
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the amount of the full pressure rise h. This may help to visual- 
ize how pressure at the pump suction, with pump running, can 
be higher than at the pump discharge if the pressure rise is higher 
than the pump generated head. If the discharge valve at C, 
Fig. 18, is closed gradually, the pressure rise in the suction pipe 
and the pump casing will be lower than at the valve (see Fig. 
3), depending upon the relative length of the suction and dis- 
charge pipes. 

When the subnormal pressure wave passes through the pump 
it may reduce the pressure at the impeller eye to the vapor pres- 
sure, thus producing a cavity. If this occurs a severe blow can 
develop upon arrival of the supernormal pressure wave which 
would cause an instantaneous collapse of the vapor cavity in the 
same manner as that during cavitation. Formation of the cavity 
will interfere with the propagation of pressure waves, thus com- 
plicating matters considerably. Cavitation and parting of the 
water column may also take place on the discharge side of 
the pump if the topography of the pipe layout is such that the 
subnormal pressure wave is greater than the absolute pressure 
(above the vapor pressure) at some points on the pipe line. 
Bergeron (3) and Angus (6) give graphical solutions for such sys- 
tems, but experimental verification of results is lacking. The se- 
quence of events and the manner in which the high pressure rise 
appears under cavitation conditions is illustrated in the example 
which follows. 

Parting of Water Column or Cavitation. Suppose in a system 
as shown in Fig. 19 (a), the valve at the discharge flange A, is 
suddenly closed, and we want to investigate water hammer in the 
discharge pipe. On the diagram, Fig. 19 (6), Ao is the initial 
operating point, and Vo is the initial pipe velocity. The sudden 
valve closure will cause a sudden pressure drop at A to absolute 
zero (vapor pressure) and a sudden velocity drop from Vo to Vo’, 
as determined by the slope coefficient a/g of the line AoAo’. 
From that instant to the time ¢ = uw, water will continue to move 
at A with a velocity Vo’ and the column moves a distance 
Vo'» leaving a vacuous space Vo’u long. At time yw the 
velocity at A drops suddenly to Vi, and water will continue to 
move away from the valve an additional length Viu. Velocity 
V, is determined by the surge lines Ao’C.;A; drawn in the usual 
manner. However, in the case of a sudden valve closure the 
physical meaning of these surge lines is different; they do not 
represent the pressure variation along the pipe line, as pressure 
travels undiminished, and pressure and velocity changes occur 
suddenly. But the surge lines give a time scale for the velocity 
variation during the retardation time and the acceleration of the 
water column in the opposite direction (toward the valve). At 
time t = 2u, the velocity at A will change suddenly from +V, to 
—V, and the water column will start moving toward the valve. 
At time t = 3y, the vacuous space between the valve and water 
column will have been reduced by the length Vy. Also, at time 
t = 3y, the velocity will increase suddenly from —V2 to —V3, 
and the vacuous space will be reduced by an additional length 
V-u during the fourth interval of time. It is assumed, for sim- 
plicity, that the vacuous space is reduced to zero exactly at time 
t = 4y when velocity —V; is suddenly arrested, causing a pressure 
rise to A, following the surge line A:C;.;A4. This pressure will 
prevail at A for u sec, then will fall suddenly to As, after which 
the cycle will repeat itself at reduced velocities until all the energy 
in the water column is absorbed by the hydraulic losses, and the 
final point for settled conditions is reached at D. The pressure 
variation at A with time is shown in Fig. 19 (c). The height of the 
peak and time spacing between the peaks is reduced as the energy 
of the water column is wasted. Such curves were obtained ex- 
perimentally by Le Conte (21) and Langevin (15). 

From the inspection of Fig. 19 (b) it is evident that the maxi- 
mum pressure rise at time t = 4y is approximately equal to the 
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pressure rise due to a sudden destruction of the initial velocit 
Vo, reduced only by hydraulic losses during the first cycle o 
events. For a frictionless flow the maximum pressure rise wil 
be exactly equal to that due to a sudden extinguishing of th 
original velocity Vo. The maximum velocity in the reverse direc 
tion will be exactly equal to Vo, and the time of recoil of water col. 
umn would be exactly the same as the time to retard the wate 
column to zero from its original velocity Vo. This is because th 
reverse flow is produced by the force due to a pressure Hg + 
H,tm which is the same force that caused the deceleration of th 
initial flow in the pipe. The kinetic energy of the water column 
in the pipe is converted into the energy of position at the level 
Hs + Hatm during the deceleration of the initial flow, which is 
converted back into the kinetic energy of the flow in the reverse 
direction during the second half of the cycle. If the instant of 
the closing of the vacuous space does not coincide with the end 
of one complete interval, the shape of the pressure-rise peaks 
in Fig. 19 (c) becomes irreguar. If the valve is closed gradually 
in a time less than one interval u, the same pressure rise will re- 
sult, but the curve becomes sharp-pointed. 

Air Chamber and Check Valve. Air chambers are used ef- 
fectively to reduce pressure fluctuations at the pump check valves. : 
The size of the chamber and air space are selected so that the air 
chamber will be able to store the excess volume of the expanding 
water and that due to the contracting pipe without raising the 
air pressure beyond a predetermined limit. To be effective the 
air vessel should be placed as close as possible to the source of 
water hammer. In Fig. 20 assume we are to determine the 
pressure variation at the pump (point A) in the case of power 
failure. Suppose that the physical dimensions of the system are 
such that the pump comes to rest, and the check valve closes, in- 
Stantaneously. The height of water column in the air chamber 
is very small in comparison with the total head Hy. The pro- 
cedure is the same as in Fig. 12 except that the system char- 
acteristics for the point A are determined by the air chamber and 
not by the check valve. The surge characteristics are drawn at 
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u/2 time spacing. The location of the point Ao.5 is determined 
as follows: 

As soon as the check valve is closed and pressure begins to 
drop at A, air in the air chamber will expand and force water 
into the pipe, and, in u/2 sec, the volume of water lost from the air 
chamber will be approximately equal to Avo.s = AVou/2 where A 
is the pipe area. The volume of air in the air chamber at the end 
of u/2 sec is v0.5 = vo + Avos, where v is the initial air volume in 
the vessel. 

The air pressure in the air chamber and pressure at the point 
A at the end of the »/2 period is Ho.5 = Hwo/vo.s, which locates 
point Ao.; on the diagram. Point A, is determined in the same 
manner; H, = Hos v05/v1 where 1) = v0.5 + AVos u/2. Note 
that velocity in the pipe varies from Vo to Vo.s during the time 
period »./2; thus the average of the two should be used to calculate 
the air-volume increase more accurately. 


If the time of one interval » is very small, or if the surge lines 


are drawn at u/4, or u/8 spacing, no second approximation is 
necessary. ‘The rest of the diagram is drawn following the usual 
procedure. By comparing Fig. 20 with Fig. 12, it will be noticed 
that for a sudden valve closure without an air vessel the flow in 
the pipe is reversed in one time interval y, and the full pressure 
rise appears at the end of the second interval (point A», Fig. 12) 


~ With an air chamber it takes several periods to reverse the flow 


in the pipe, (or extinguish the initial velocity Vo) and produce 
' supernormal pressures. By that time a considerable portion 
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Fig. 20 Arr CHAMBER AND CHECK VALVE 


of the energy available is destroyed by friction losses, and the 
pressure rise appears greatly reduced. A small pressure drop 
during each interval (point A, Fig. 20) (large air chamber), re- 
sults in a longer time to reverse flow in the pipe, and hence the 
more effective the air chamber becomes. Thus friction in the 
system and not the “cushioning effect” of the air chamber is 
mostly responsible for the reduction of pressure rise in the pipe. 
Allievi has shown theoretically (14) (also it has been noted ex- 
perimentally), that for the systems with little or no friction the 
air chambers are a very ineffective means of protection against 
water hammer. Thus to reduce a pressure rise 30 per cent, a 
volume of air containing 30 times the energy contained in the 
water column would be required. 

Air Chambers With a Throitle. Frequently air chambers are 
- provided with a throttle at the inlet to the chamber to increase 
the power dissipation and thus raise the effectiveness of the air 
chamber. Bergeron (15) describes a design of a throttle which 
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is made in a form of a nozzle of suitable size which permits water 
movement from the vessel without much loss, but which im- 
pedes flow into the chamber due to the resistance of the inverted 
nozzle, Fig. 21. In this way the throttle reduces the pressure 
rise without increasing the pressure drop (vacuum) appreciably. 
The net effect of this device is a reduction of the air vessel for a 
given limit in pressure rise. 

During the normal pump operation pressure in the air cham- 
ber (point A’, Fig. 21) is the same as that immediately below the 
nozzle (point A). But as the pump stops, the pressure at A be- 
gins to fall and pressure at A’ is higher than at A, which causes a 
flow from the vessel to the pipe. When the flow is reversed in 
the pipe the pressure at A outside of the vessel is higher than at: 
A’ inside the vessel by the amount of head loss through the in- 
verted nozzle. To draw the surge diagram for an air chamber 
with a nozzle, follow the same procedure as in Fig. 20, but the 
air chamber pressure H.; and Hy, etc., are reduced by the amount 
of friction loss at the corresponding pipe velocity to obtain points 
Ao. and Aj, respectively. The curve of resistance for the flow 
vessel-to-pipe —h, and for the flow pipe-to-vessel + h,’, including 
friction and velocity head, should be known or assumed. Note 


‘that for a negative flow the throttle resistance +h,’ is added 


to the calculated pressure in the air chamber, as pressure at A is 
higher than at A’ by this amount. 

A “through type” of the air chamber was found more effective 
than the single-inlet air chambers attached to a branch in the 
pump discharge pipe (16). In these the pump discharge entered 
on one side of the vessel with the outlet on the other side or 
bottom of the vessel. Hydraulically this scheme is equivalent 
to an orifice inserted into the pump discharge pipe between the 
pump and the air chamber. While reducing the pressure rise at 
the pump, both affect adversely the efficiency of the system 
during its normal operation. 

Air Chamber and Flywheel Effect. If a pump has an appre- 
ciable flywheel effect the system characteristics for the point A 
during the pump deceleration time are determined both by the 
pump head capacity curve and the air chamber. In Fig. 22 
the pump head capacity curves are drawn for the times y, 2p, 
etc., and marked Rai, Ras, etc. Point A’ determines the pump 
head H, and capacity (pipe velocity at the pump Vi). The pipe 
velocity at point A between the air chamber and point C, is 
greater by the amount AV, furnished by the air chamber as a 
result of the pressure drop from Ho to Hi, computed from 
AV, A = 1% — v where ») = voHo/Hi. Thus point Ai’ repre- 
sents the conditions between the pump and air chamber, and A; 
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those for a point A on the other side of the air chamber, Fig. 20 
(a). ° The diagram is continued from the point A, to locate the 
C;.; and A’, points. The point A» is obtained by adding AV, to 
the pipe velocity V2 from AV2A = v2 — %; v to be calculated 
by » = v,H\/H2. After the pump rotor comes to rest the con- 
struction of the diagram proceeds in the same manner as in Fig. 
20. 

Air Pockets. If the volume of the air is not sufficient to ac- 
commodate the whole volume of the expanding water column, a 
dangerous pressure rise may occur under certain conditions (17). 
Small air pockets, or traps in the pipe line or valves, may cause 
surprisingly great surges in the same manner. One major acci- 
dent in a European low-head plant is attributed to this cause (18). 
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Fig. 22 Aim CHAMBER AND FLYWHEEL EFFrect 


Evidently, for a small volume of air to store the whole kinetic 
energy of the flow, its pressure should be very high. In other 
words, a small air volume causes a reversal of the flow which is 
almost immediately stopped, producing sudden pressure rise. 


EXAMPLES OF WATER-HAMMER DAMAGE 


Starting and Stopping Pumps. Water hammer caused by cen- 
trifugal pumps themselves can take place in the process of stop- 
ping and starting them. Vertical turbine pumps with open im- 
pellers running in close vertical clearances with the casing seat 
furnish examples of damage to a pump by water hammer. In 
one case, a vertical pump of this type was used to circulate hot 
molten salt in an oil-refinery process. When started with the 
discharge valve closed and the discharge pipe (20 in.) air or 
steam-filled, a violent shock was produced which resulted in a 
bent 4-in. pump shaft. The difficulty was eliminated by start- 
ing the pump with the valve partly open and shaft retating in the 
reverse direction. Stopping of vertical turbine open-impeller 
pumps used for deep-well service is always followed by pressure 
surges which cause the impellers to hammer against their seats 
while revolving backward. It is impossible to maintain close 
running clearances between the impeller’and the casing under 
these conditions. Introduction of nonreversing clutches in con- 
nection with hollow-shaft motors eliminated impeller grinding but 
not the surges and vibration. 

Stopping of pumps with the discharge valve open (automatic 
or due to power failure) may produce objectionable water hammer 
which may damage the check valve, loosen the bell-and-spigot 
lead joints, cause stuffing-box troubles or endanger other equip- 
ment connected to the discharge system. Sometimes noise and 
vibration alone, due to check slamming, may be objectionable. 
It is common belief that water hammer is accompanied invariably 
by a clearly audible blow. Severe surges have been observed 
when a high pressure rise was built up after the valve had closed 
quietly (22). 

Water Hammer Originated by the System. In certain types of 
systems such as hydraulic descaling systems on strip mills, 
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hydraulic presses, refinery loading stations, and boiler-feed in- 
stallations, the delivery from centrifugal pumps may be shut off 
suddenly while the pump is running. Destructive water hammer 
will result if no precautionary measures are provided by the in- 
stallation. In the case of descaling and hydraulic-press systems, 
pneumatic accumulators serve as protective air chambers. With 
long suction lines, air chambers are also used on the suction to | 
prevent breaking the water column at the pump suction. A by- | 
pass from the discharge pipe to suction (or atmosphere), while | 
protecting the pump from overheating at zero discharge, also | 
alleviates the hydraulic shock. Open-impeller pumps, of the | 
vertical-turbine type, enclosed in a suction barrel, when used | 
for petroleum-products loading service, are particularly vulnera- 
ble to hydraulic shock. In several instances pump shafts were 
bent (by compression) and the pump-discharge piping (cast-iron 
increaser) was ruptured as a result of sudden closure of the dis- 
charge valve. Instances in which volute pumps with closed im- 
pellers developed cracked casings when used on loading service 
are numerous. A sudden rupture of the discharge pipe pro- 
duces the same effect as a sudden valve opening, resulting in a 
high pressure rise as discussed already. In one instance a pipe 
rupture on an oil pipe line caused pipe ‘explosions’ in several 
other places, possibly due to a liquid-column break and subse- 
quent water hammer at points where the subnormal pressures 
fall considerably below the vapor pressure. 

Means to Reduce Water Hammer. The pressure rise can be ~ 
reduced only by reduction of the rate of velocity destruction in the 
pipe. This can be accomplished by one or several of the following 
means: 


1 Designing pipe systems with low original velocities. 

2 Positively controlled valves combining functions of both 
a check and gate valve. The slower the closing rate, the less is 
the resulting pressure rise. Loss of water and reverse rotation 
of pumps is seldom objectionable. 

3 Use of special check valves such as “balanced,” and 
‘foaded,” or a by-pass around a check valve which can be closed 
slowly (manually or automatically) after the check valve is closed. 

4 Use of air chambers, accumulators, or surge tanks. The 
latter are the most expensive and hardly ever justified under 
ordinary circumstances. One installation of this type was built 
by the United States Government at Granby, Colo. (23). 

5 Relief valves are widely used for protection of various types 
of hydraulic equipment. When provided with a positive control 
these are known as surge suppressors. 

6 When water column parting is unavoidable in a pipe line, 
vacuum breakers are installed to admit air which cushions the 
shock when the two parts of the water column join together. 


CONCLUSION 


The graphical solutions of water-hammer problems are just as 
accurate as the analytical solutions. There are numerous ex- 
perimental proofs of the soundness of the basic water-hammer 
theory. The irregular shape of pressure-rise curves plotted from 
theoretical calculations were reproduced with surprising accuracy 
by accurate recording instruments. The accuracy of solutions 
depends entirely upon the accuracy of the information about 
the rate of flow during the valve-closure time. In centrifugal- 
pump applications it is not often that the rate of flow for differ- 
ent valve positions is known. A motorized gate valve with a 
uniform stem travel does most of the throttling in the last quarter 
of travel. Follower-ring-type valves produce a more uniform 
retardation of flow. With special “ported follower ring” valves, 
any desired rate of flow retardation (including uniform) can be 
obtained, but their use is very limited(4). Thus for an accurate 
solution of water-hammer problems (graphical or analytical), it 
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is necessary first to visualize the sequence of events clearly, and 
then to establish the end conditions accurately, including the 
rate of pipe-flow retardation. The drawing of the diagram then 
becomes a simple mechanical procedure. 
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Discussion 


R. W. Ancus.‘ In the design of water-power plants, hydraulic 
engineers have long appreciated the importance of water hammer 
and have provided against its effects, but in the case of pumping 
plants and their pipe lines, the subject has only recently received 
much attention. If treated from the purely mathematical angle, 
calculations of pressure rise, due to gate closure or other cause, 
are long and tedious, but graphical methods have been devised 
which greatly simplify the calculations, and the method described 
in this paper is probably the best in use because the results are 
easily worked out on the drafting board. Unfortunately, the 
author has tried to cover too much ground in the space occupied, 
and his explanations are hard to follow by anyone not familiar 
with the method. The writer suggests a reference to his own 
paper mentioned with incomplete title in the author’s reference 
(4). 

In the writer’s paper, published in 1937, he has given in an 
extended form a complete treatment covering both the rigid and 
- the elastic water-column theories as applied to single lines of 
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pipe, but having sections of varying diameters, the method used 
being illustrated with many examples, a number of which are the 
same as the present author’s. The author’s reference (6) is to 
the writer’s paper dealing with branched and compound pipes, 
and the two papers together cover the field of application of the 
method of treatment described by the author. 

Since-the mechanism of the events due to sudden changes of 
velocity is complicated, it is only to be expected that the funda- 
mental ideas are hard to grasp. However, if one first spends 
the necessary time and effort to master the physical ideas in- 
volved, and gets a clear picture of what goes on in the pipe, then 
there is no great difficulty with the mathematics, because only 
an elementary knowledge of the calculus is required, and the re- 
sulting equations are very simple and easily applied. The author 
suggests that these be derived by Bergeron’s method, which ap- 
parently avoids the mathematical approach, but with other com- 
plications; the reader must decide for himself which method ap- 
peals to him, but the writer, though not an expert in mathe- 
matics, finds its application most satisfactory in this case. 

Under the subsection ‘‘Pipe of Variable Diameter,” the author 
refers to single pipes of varying diameter and his Equations 
[5] and [6] are in general use, though no proof of them has ever 
been given, to the writer’s knowledge. In most cases it is not 
necessary to reduce the actual pipe to an equivalent uniform 
pipe because the actual case usually can be easily dealt with by 
the graphical method given here. However, in the case, for 
example, where the pipe consists of alternate lengths of, say, 
16-in. and 18-in. pipe, it is desirable to deal with an equivalent 
uniform pipe of dimensions found by the author’s formulas. 

Velocity head is always difficult to deal with, but fortunately 
it is usually relatively small compared with the total head so that 
it may usually be neglected. Of course where a pipe bursts, all 
the head in the issuing fluid is in the form of velocity head and it 
must be reckoned with, but there is not space enough to deal with 
it here. Friction loss comes under a different category; in many 
pumping lines, as in most water-supply piping, the design is such 
as to keep the friction loss to a relatively small part of the total 
head, but there are many other cases such as in low-head pump- 
ing, where the friction loss far exceeds the static head and where 
the effect of friction must be considered. A well-known ex- 
ample of the latter is the long oil line where the pipe is nearly 
horizontal and where the pump pressure, often as high as 500 to 
1000 psi, is entirely taken up in friction. 

The graphical method given in the paper provides no exact 
method of dealing with friction, and the adopted method is to 
assume this loss concentrated at definite places on the pipe. 
For example, in a line 5000 ft long with a friction loss of 50 ft, it 
might be assumed that 10-ft loss, due to some kind of obstruction, 
was concentrated at the end (entry or discharge) of each 1000-ft 
length, and that no loss occurred between these obstructions. 
Such an assumption enables friction to be dealt with by the 
graphical method, and, obviously, by dividing the total loss up 
into enough parts, the assumed pipe may be made to approach 
the actual one as closely as desired. In the cases the author 
illustrates, the friction loss appears to be relatively small, in 
which instance no great error is likely to result where the total 
loss is all concentrated at the entry end of the pipe or at its exit, 
but such concentration gives poor results where the friction loss 
is relatively high. 

The author’s illustration in Fig. 19 is of a case which cannot 
be dealt with accurately by this or any other method because of 
our lack of knowledge of what happens in the vacuous space. 
Should there be any danger of the discharge valve closing sud- 
denly while the pump is operating, provision should be made 
to admit air or water on the discharge side of the valve. The 
graphical solution is then readily applied. 
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Long suction pipes are by no means uncommon, those in the 
oil lines being often over 50 miles long. The writer examined a 
waterworks case with a mile of suction line. Unless the suction 
line is very short it should always be taken into account. 


O. G. GotpmMaNn.® There are two basic errors in the develop- 
ment of the theory of water hammer: 

(a) In the dévelopment and interpretation of the Joukowsky 
equation. 

(b) In the development of the equation for the velocity of the 
pressure wave. 


In this paper is given Joukowsky’s law (author’s Equation [1]), 


Vi 
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The author states: ‘This equation follows from the applica- 
tion of the second Newton’s law, which states that the force (in- 
crease in the pressure at the valve) is equal to the time rate of 
change of momentum of the moving mass..... ”” This funda- 
mental equation is then given as 
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where X = length of pipe line. 
Note that the foregoing equation consists of two parts, namely 


Ayx 
g 


= mass 


Vo ‘ 
a = acceleration 


Now, in order to get Joukowsky’s equation, the “error’’ oc- 
curs: ‘‘Here x/t is the rate at which the pressure wave travels 
along the pipe line, and this is equal to the velocity of sound in the 
water within the pipe....” 

The value of t in the foceccae equation is a function of Vo an 
_ determines the value of the “rate of change of momentum,” or 
the ‘“‘acceleration” of the mass, and hence Vo/t must be treated 
as “one term.” 
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In other words, Joukowsky’s equation is a “unit” equation and 
not a “general” one. e 

Under the section entitled, ‘Velocity of Pressure Wave,” is 
given the author’s Equation [3], as follows 
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One of the fundamental equations from which this equation wa | 
derived is given in “Hydraulics” by Schoder and Dawson, ana 
is as follows 

pAL 


k= Sea nals 
A(AL) — 2ar(Ar)(L — AL) 


where L = length of column or pipe line. 


Now the basic equas#} 
tion for determining the value of kis 


or 


Equation [15] is a general equation and applies to any andy 
all materials. For predetermined conditions, namely, constants if 
temperatures and pressures, k is a constant. Now note that the! 
numerator of Equation [14] is identical to the numerator o 1 
Equation [15]; also that the first term of thé denominator! 
of Equation [14] is identical to that of Equation [15] but in Equa- 
tion [14], the denominator also contains a minus term, namely,, 
—2rr(Ar)(L — AL), which is not in Equation [15]. 
the term —2zr(Ar)(L — AL) is equal to zero do Equations [14] | 
and [15] become identical. This means that for any value of/} 
(Ar) greater than zero, the value of k increases and is not a con-4 
stant. As (Ar) increases in value, the value of the denominator) 
decreases. Hence when 2ar(Ar)(L — AL) is equal to A(AL))} 
then k becomes infinite in value, and when 2ar(Ar)(Z — AL) is'}) 
greater than A(AZ),then k becomes indeterminate. 

With the development of the fundamental equations in error, |} 
the validity of the conclusions reached therefrom must be ques-}} 
tioned. | 

Another point at issue is the following statement: ‘When the) 
wave front reaches the open end of the pipe C, the whole pipe is} 
completely filled with water at rest under an additional pressure |f 
head hmax uniform along the whole pipe length.” 
_ The writer’s Equation [12] can be expressed as follows 


where L = length of column in pipe line. | 

Now WZ is the length of the pipe line ‘‘measured from the open | 
end” (in the case of a simple pipe line) “to the point of creation of || 
the surge.’ Hence the magnitude of the surge pressure is di- | 
rectly proportional as the distance the point of observation is | 
measured from the open end of the pipe line to the total length of | | 
the pipe line. 

Let x be any point of surge-pressure observation along the pipe | 
line, the distance being measured from the open end of the | 
pipe line. Hence when 


> 
| 


= maximum 
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le Imax 


L, 
z=0, h = zero 
£ 
2 
Again, under the section, “Pipe of Variable Diameter,” the 
author states: “In the case of a compound pipe consisting of | 
several sections of different diameters, an equivalent velocity is 
a for calculation of the maximum pressure rise with Equation | 
Referring again to the aritters Equation [12], it should be | 
noted that it is the ‘change in velocity” which produces the | 
surge pressure. Therefore whatever change in the velocity 
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occurs, in the particular pipe section under observation, will de- 
termine the surge pressure. An “equivalent velocity’ may give 
a greater or lesser value than the actual. 


G. D. Jounson.* This paper is virtually a “symposium” on 
water hammer in centrifugal-pump systems. It summarizes 
most of the available information on this increasingly important 
subject and illustrates the application of the graphical method to 

a wide variety of pumping problems. 

However, there is one notable omission, namely, no specific 
mention was made of the automatically operated, rotating, conical- 
plug-type valve which is now almost universally accepted as the 
most nearly ideal pump discharge valve. This popularity is 
due to negligible head loss when fully open for pumping and a 
discharge cutoff versus servomotor stroke characteristic that 
inherently minimizes water-hammer effects. Similar hydraulic 
characteristics are also found in follower-ring gate valves, as men- 
tioned by the author, but superior mechanical features of the 
conical-plug valve have led to its widespread acceptance for 
modern centrifugal-pump installations. The characteristics of 
this type of valve have already been fully explained in the tech- 
nical press.7”® The graphical treatment applies to any system 
regardless of the type (or types) of valves employed, provided 
that a proper analysis is made of the various factors involved. 

It should be noted, as pointed out by Angus,!° that the char- 
acteristic curve of discharge versus servomotor stroke for any 

' particular valve (of any type) will be modified by the system in 
which it is installed, unless pipe friction be negligible. Although 
friction frequently can be ignored in the calculation of water 


hammer in hydraulic-turbine penstocks, it usually constitutes a - 


sufficiently large percentage of any total pump-discharge head 
to necessitate its consideration in calculations for pumping mains. 
The. author illustrates two methods of taking friction into ac- 
count graphically, both of which yield similar results when 
properly interpreted. 

The use of positively controlled pump discharge valves, such 
as the conical-plug or follower-ring types, instead of swing-type 
check valves, is illustrated and recommended by the author, be- 
cause the maximum pressure rise resulting from emergency 
closure after failure of the power supply to a pump motor can be 
limited to any desired value by permitting a reasonable loss of 
water and a short period of reverse pump rotation. Closure of 
a swing-type check valve just as the water column comes to rest 
prevents flow reversal, but not pressure rise, which can almost 
equal the pumping head if the friction head is small and the 
“correct’’ relationships exist among the system characteristics. 

If it is desired to prevent reverse pump rotation, automatic 
fast closure of the pump discharge valve and opening of an ade- 
quate relief valve, which subsequently closes slowly, also serves 
to limit the maximum pressure rise as desired. As discussed by 
Peabody,’ normal operation, with the conical-plug valve auto- 
matically opening slowly after the pump is up to speed and with 
the pump motor being shut off by the valve after it has closed 
slowly, can be effected with negligible pressure disturbances. 
Moreover, aS mentioned: by the author, a positively controlled 
valve is not only a superior check valve but also serves as a 
stop valve, thereby replacing both the swing-check and the gate 
valve of earlier installations. 


¢ Hydraulic Engineer, S. Morgan Smith Company, York, Pa. 
Mem. ASME. 

7“Pymp Discharge Valves on the Colorado River Aqueduct,” 
by R. M. Peabody, Trans. ASME, vol. 62, 1940, p. iaiay, 

8 “Typical Analysis of Water Hammer in a Pumping Plant of the 
Colorado River Aqueduct,” by R. M. Peabody, Trans. ASME, vol. 


61, 1939, p. 117. ‘ 
9 “Action of Valves in Pipes,”” by R. W. Angus, The Canadian 


Engineer, vol. 74, March 29, 1938, pp. 28, 30 and 32. 


Another important recommendation by the author is to pro- 
vide for automatic admission of air at any point in a system where 
the water column may part, thereby increasing the parting time 
and cushioning the shock when the portions of the column re- 
join. 


JouN ParMaxian.!9 The following discussion applies to only 
a part of the paper, namely, that pertaining to the water-hammer 
effects in motor-driven centrifugal-pump discharge lines upon a 
power failure at the pump motors. 

In attempting to present to pump designers the water-hammer 
theory for pump discharge lines in its ‘simplest terms,’ the 
author bases his graphical water-hammer solutions on certain 
simplifying assumptions which are improper for most pumping- 
plant installations. As a result, the correct physical phenomena 
associated with the transient hydraulic conditions in pump dis- 
charge lines following power failure are ,completely obscured. 
For example, in the graphical solution of the water-hammer con- 
ditions following a power failure to the pump motor at a pump- 
ing-plant installation with no check valve, the author states: 
“In the event of power failure assume that the pump will slow 
down, stop, and reverse in less than one (round-trip wave travel) 
interval of time ». The pump will then operate as a hydraulic 
turbine under a head Hg at runaway speed.”!! Comparable 
assumptions are also made in the graphical water-hammer solu- 
tions for a pump discharge line with various types of valves or 
pressure-control devices. 

Judging from the water-hammer analyses and available test 
results which have come to the writer’s attention, for over 50 
pumping plants with pump motors ranging from 10 hp to 65,000 
hp, these assumptions cannot be justified at a single pumping 
plant. A careful study of recent papers on this subject}? will indi- 
cate that a correct explanation of the physical phenomena and 
the graphical water-hammer analysis of pump discharge lines of- 
any size or capacity can be obtained from the following considera- 
tions: 


When the power supply to the motor is suddenly cut off, the 
only energy that is left to drive the pump in the forward direc- 
tion is the kinetic energy of the rotating elements of the motor 
and pump, and that obtainable from the flow of water through 
the pump casing. Since this kinetic energy is usually small com- 
pared to the pumping energy that is required to maintain the 
flow against the discharge head, the reduction in the pump speed 
is rapid. As the pump speed reduces, the pump discharge and 
the velocity of water in the discharge line also will be reduced. 
As a result of the decrease in the water velocity, water-hammer 
waves of subnormal pressure will originate in the pipe line adja- 
cent to the pump and will move up the discharge line. These 
subnormal pressure waves are then reflected at the discharge end 
of the pipe line, causing waves of superpressure to form which 
will move down the pipe line toward the pump. When these 
waves of superpressure reach the. pump, they will cause an in- 
crease in the pumping head which exists at the pump and further 
reduce the pump discharge. Soon the speed of the pump is re- 


* duced to a point where no water can be delivered against the exist- 


ing head. If a control valve is not present on the discharge side 


10 Engineer, Bureau of Reclamation, Denver, Colo. 

11 This assumption was suggested by Dr. O. Schnyder in 1933, who 
stated at that time that a thorough analytical study of water hammer 
in pump discharge lines had not yet been accomplished. See dis- 
cussion No. 12, by Dr. O. Schnyder, ‘‘Supplement to the Report of 
the ASME Committee on Water Hammer,” 1933. 

12-For example see, ‘‘Comparison Between Calculated and Test 
Results on Water Hammer in Pumping Plants,’’ by O. Schnyder, 
Trans. ASME, vol. 59, 1937, or ‘‘Typical Analysis of Water Hammer 
in a Pumping Plant at the Colorado River Aqueduct,” by R. M. 
Peabody, Trans. ASME, vol. 61, 1939. 
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of the pump to prevent reverse flow, reverse flow through the 
pump and the discharge line will soon start although the pump is 
still rotating in the forward direction. This abnormal pump 
operation is usually referred to as ‘the zone of energy dissipation.” 
The speed of the pump will now drop more rapidly, and soon will 
pass through zero speed. A short time later the pump, acting 
as a turbine under no load, except for the inertia of the rotating 
parts, windage, etc., will reach a runaway speed with the pump 
running in the reverse direction. On most pumps the maximum 
reverse flow which can pass through the pump impeller is at- 
tained when the pump impeller is nearly stationary or has reached 
a small reverse speed. As the pump increases its reverse speed, 
however, and approaches the runaway reverse speed, the reverse 
flow which can pass through the pump is reduced. This reduc- 
tion in reverse flow contributes principally to an increase in pres- 
sure or water hammer at the pump and along the discharge line. 

It can be seen from the foregoing description that, after power 
failure at the pump motor, the flow of water and the correspond- 
ing water-hammer effects in the discharge line are determined by 
the flow characteristics of the pump impeller and by the inertia 
of the rotating elements of the pump, motor, and entrained water. 
In order to make a correct water-hammer analysis of the transient 
conditions following a power failure at the pump motor, it is 
necessary to derive a pump-inertia relation which can be used to 
determine the pump speed at successive time intervals after power 
failure. This relation is as follows! 


13 The significance of each of the terms in this relation is indicated 
in the accompanying illustrations, Figs. 23-28, inclusive. 
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- _ 91,600 Qo H,’ 
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Furthermore, the graphical water-hammer solution is then per- 
formed on a set of characteristic pump-speed and torque curves 
which are plotted on a system of h, and v co-ordinates. Such aset 
of curves for a single-volute pump for the zone of normal pump 
operation, the zone of energy dissipation, and the zone of tur- 
bine operation is shown in Figs. 23 and 24 on page 530. 

The complete graphical water-hammer solution for an actual 
pumping-plant installation without a check valve, following a 
power failure at the pump motors, can then be performed on these 
charts, as shown in Fig. 25, using the conjugate water-hammer 
equations with the pump-inertia relation. It may be noted that 
for this particular installation, the maximum reverse speed for a 
simultaneous power failure at all pump motors is attained at 
about (19Z) /(2a) sec after power failure. The water-hammer solu- 
tion is considered to be valid as long as the minimum pressure at 
any point in the pipe line does not fall below absolute zero. This 
minimum pressure condition can be examined by plotting the 
minimum values of the transient pressures which were obtained 
from the graphical water-hammer solution on the actual profile 
of the pipe as shown in Fig, 26. 

This pumping-plant installation is equipped with standard 
motors with no added flywheel effect. The WR? of the pump 
motor as actually furnished was 350 lb-ft? and the WR? of each 
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pump, including the coupling and entrained water was 34.9 
Ib-ft?, In analyzing the water-hammer effects for a pumping 
plant which has a very small value! of K, water-column separa~ 
tion will generally be found to occur at the pump or at some point 
in the discharge line. Ordinarily this will result in very large 
water-hammer effects upon the rejoining of the water columns. 
Such a condition could occur, for example, at the installation shown 
in Fig. 25, upon the failure of the pump-shaft coupling with the 
flywheel effect of the motor removed. : 

The graphical method of water-hammer analysis which has 
been described may be extended to solve a large variety of pump 
problems with various types of pressure-control devices. For 


14 Note that it is the value of K and not the value of the WR? alone 
which determines the speed changes of the pump impeller for any 
time interval. 
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d= 06982 Sec. Gf -1.397 Sec. 


py 21155 


* 
Ege uTeS oa . WR? of rotating parts = 
384 9 pound feet? for 

each pump and motor. 

Pump speed =1760 RPM 


Pump efficidney = 84.7% 
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example, in Fig. 27 the graphical water-hammer solution is}} 
shown for the same installation with a check valve.1> Similarly, |} 
in Fig. 28 part of the graphical water-hammer solution is shown] 
for the same installation with a long suction line. 


E. B. Stroweer.}6 


16 Tn this solution, the check valve is assumed to close instantly 
upon the reversal of flow. The actual closing time of the check valve | 
and the corresponding water-hammer effects require an additional 
study and further refinement in the calculations. 


16 Hydraulic Engineer, Buffalo Niagara Electric Corporation, 
Buffalo, N.Y. Mem. ASME. 


Aat 


‘a 


SUCTION LINE 


The author has made a worth-while con-| 
tribution to the present engineering literature on water hammer. 
In connection with his introduction, it may be interesting to point | 
out that the first development of a simple graphical method of | 
determining water hammer was made by Professor Wood of | 
McGill University in July, 1926. This contribution was pub- } 
lished as a discussion of a papersby S. L. Kerr and the writer.17 | 
Wood’s method is based upon the Gibson formal equations for | 
water hammer which have been shown to agree with the Allievi | 
equations.18 While the basis of the graphical method was first 


(c) 


Fia. 28 


17 “Speed Changes of Hydraulic Turbines for Sudden Changes | 
of Load,” by E. B. Stfrowger and S. L. Kerr, Trans. ASME, vol. 48, 


1926, pp. 209-232; discussion by Prof. F. M. Wood, pp. 243-252. 
8 See discussion by E. B. Strowger, of paper by Angus entitled, | 
“Simple Graphical Solutions for Pressure Rise in Pipes and Pump 


Discharge Lines,” The Engineering Journal, May, 1945, p. 266. See 
also op. cit, discussion by F. Knapp, p. 267. 
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developed by Professor Wood, he did not recognize the full im- 
portance and extension of his method. This was done quite 
independently by Schnyder and Bergeron in Kurope, and later by 
Angus in Canada. 

The author refers to trouble which has been experienced with 
boiler feed pumps where they have had unstable characteristics 
and where a mass oscillation of the water column produced pres- 
sure surges in discharge lines. He also cites examples of water- 
hammer damage and gives some helpful suggestions on how to 
reduce water hammer 

Distinction should be made between the mass oscillation of a 
column and the oscillation accompanying water hammer, i.e., 
a vibration of period 2L/a. On two boiler feed pumps with 
which the writer is familiar, a water-hammer vibration in com- 
bination with an unstable quantity-head curve caused a severe 
vibration which was eliminated by changing the pump impeller 
to obtain a steeper head curve at low pump velocities. In this 
case the system resistance curve was relatively flat, the spe- 
cific speed of the pumps was high, and the head-quantity 
curve was flat at-low velocity. In fact, there was some evi- 
dence that it reversed direction. This characteristic is not a 
stable one, when operating under varying pressures at or near 
the point where the head-flow curve reverses direction, espe- 
cially when the pressure rises and falls periodically due to a 
recurring water-hammer wave. This wave repeats itself in 
phase with a change in flow through the pump as the latter op- 
erates at varying points along the head-flow characteristic and 
may assume large pressure amplitudes. 

Slow-motion moving pictures taken of pressure gages on the 
pump-discharge line showed square-topped waves which indi- 
cated that the vibration was water hammer and not a mass os- 
cillation. Also, the vibration was eliminated when the discharge 
valve was closed and a recirculating line was opened, thus elimi- 
nating the long discharge line. The water-hammer period of the 
pump-discharge lines (2L/a) was ‘1/2, sec, corresponding to 
a frequency of 2 per sec, and the pump vibration had this same 
frequency. The natural period (mass vibration) of the system, 
however, had a frequency of 8 per sec. Accordingly, the phe- 
nomenon involved a water-hammer vibration and not a mass 
oscillation of the water column. 

The following changes in the pump or system were considered 
in order to eliminate or reduce the vibrations which occurred at 
low values of pump discharge: 


1 Increase the number of stages in the pump, thereby increas- 
ing the specific speed and making the H-Q curve steeper. 

2 Put in a large amount of friction, concentrating it at one 
point to dampen out the water-hammer wave. 

3 Shorten the discharge lines to reduce the 2L/a value of surge 
interval and thereby eliminate resonance. 

4 Put a surge chamber in the discharge line to eliminate the 
water-hammer waves. 

5 Change the pump characteristics so that the H-Q curve 
is steep, i.e., replace impellers and diffusers of four stages. 


Suggestion 1 meant a new pump, and this solution was not eco- 
nomical, Adoption of alternative 2 would have interfered seri- 
ously with the operation of the boiler-feed-pump controls and 
therefore was impractical. No. 3 was not possible on account of 
the plant layout. No. 4 was not workable because if air was used 
as the medium it would be dissolved quickly by the deaerated 
water, and consequently, 5 was the only practical approach to 
thé. problem. The solution to this problem was indicated from 
a study of the water-hammer characteristics of the system. 


AuTHoR’s CLOSURE 


Before commenting on some of the objections raised by several 


discussers, the author would like to restate that the objective of 
the paper is to present a brief introduction to the subject of 
water-hammer theory, based on best authentic information, and 
the graphical method of solution in its simplest terms. Solutions 
of actual problems were not contemplated; on the contrary, 
attention was concentrated on the method itself, i.e., to establish 
the end conditions and draw the surge lines. 

A number of topics, such as divided flow, compound conduits, 
distribution of losses among several points, etc., brought up by 
Professor Angus, were not included in the paper to conserve 
space, and for the reason that it is not often that a pump engineer 
would have use for these. On the other hand, after the funda- 
mentals and the method are grasped by the reader, a further study 
of Professor Angus’ papers can be followed without difficulty. 

Professor Angus inquired about the validity of Equations [5] 
and [6] of the paper. The first one is obtained by equating the 
total kinetic energy of the flow of the several pipes, comprising 
a compound conduit, to that of one pipe with an equivalent sec- 
tion area A and carrying water with the equivalent velocity V 

2 2 2 
Tt YE ogni te Malipiny tip Meare Ph abl [18] 
29 2g 29 


where A, Ai, Ag, are the pipe sectional areas for pipes L, Ih, 
In, ete. respectively; y is the specific weight of water. But 


AV = Ag Va = 2Ae Via = rate Or Nowe eae ee [19] 


By combining Equations [18] and [19] herewith, Equation [5] 
of the paper is obtained. 

Equation [6] expresses that the total time to travel the com- 
bined pipe length of pipe LZ with an effective velocity of sound 
a is equal to the sum of times to travel pipe length Z; with a 
volocity a1, pipe length ZL, with a velocity a2, ete. Thus both 
Equations [5] and [6] are well grounded and have been found 
to give satisfactory results within the limits indicated in. the 
paper. 

The author is in agreement with Mr. Johnson in regard to the 
suitability of the revolving plug-type valve to-control the rate of 
flow during the valve closure. However, in smaller sizes, these 
valves do not possess such refinements as streamlined plug open- 
ing, and incur losses greater than the common gate valves. In 
one large pipe line the plug-type valves are being replaced to re- 
duce the hydraulic losses through the valves. 

Mr. Parmakian’s several examples of graphical solution of 
water-hammer problems, following power failure in an installa- 
tion without a check valve at the pump, correspond to the 
author’s case represented in Fig. 15 of the paper (apparently 
overlooked by Mr. Parmakian). A more simplified: case of the 
same problem, based on an assumption that the pump will slow 
down, stop, and reverse in less than one interval of time, is dealt 
with in Fig. 11. There is nothing “improper” about making 
such an assumption to facilitate the presentation of the method 
itself.. In practice any pump with sufficient discharge pipe length 
will stop and reverse in a less than one interval of time. Dia- 
grams supplied by Mr. Parmakian (Figs. 25, 27, and 28) could be 
drawn without resorting to the ‘conjugate equations” and would 
look exactly the same. All three diagrams are drawn on dimen- 
sionless scales (ratios) introduced by Allievi in his analytical 
solution, which is an unnecessary complication for the graphi- 
cal solution as pointed out by Bergeron in his discussion of refer- 
ence (4) of the paper. Equation [17], used by Mr. Parmakian, is 
derived directly from the author’s fundamental relationship as 
given in Equation [9a]. The contribution of the two charts 
of centrifugal-pump characteristics, extending beyond the normal 
range, is very welcome, as such data are still very scarce. 

Mr. Strowger reports an interesting case of the effects of water 
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hammer on the behavior of boiler feed pumps with an unstable 
head-capacity characteristic. The author has suspected super- 
imposition of water-hammer pressure waves on the pressure 
fluctuations induced by the pump but has had no opportunity to 
investigate it. 

The author feels that he failed to impress upon Mr. Goldman 
the importance of a complete understanding of the events in a 
conduit in the ease of a sudden and gradual valve closure. With- 
out a clear visualization of the mechanism of pressure rise, pres- 
sure-wave propagation and reflection, it is possible to misinterpret 
the simple relationships and formulas for water hammer estab- 
lished a long time ago. The author went to much more detail 
on this matter than any of the previous authors. 

Perhaps the author misled Mr. Goldman by arranging the 
terms of the equation reproduced by Mr. Goldman in Equation 
[11] the way it appeared in the preprints and later changed to 


fh En MR 
g t , : 
Although, dimensionally, Equation [11] may be read (mass) X 
(acceleration), no such meaning was attached to it, the whole 
expression representing the “rate of change of momentum,” a 
term having a quite definite meaning and physical quantity dif- 
ferent from (mass) X (acceleration). True, in the mechanics of 
solid bodies the difference may be overlooked as mass-is always 
constant, and change in momentum can be realized only by 
velocity change, or acceleration. Not so when a force is applied 
to a compressible body, like a water column in a pipe. There is 
no mechanism by which velocity changes can be impressed on 
the whole mass (or mass center) of a compressible body. In the 
case of a sudden valve closure, a constant rate of velocity change 
(from Vo to O) is steadily extended to an increasing mass along 
the pipe at the velocity of sound. 

To arrange the terms of Equation [11] to read (mass) X 
(acceleration ) leads to algebraic difficulties in the case of a sudden 
valve closure. Thus when t = O, Vo/t becomes infinite, and 
mass becomes zero, and the right-hand side of the equation takes 
an indeterminate form O X . Considering the same expression 
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as a rate of change of momentum, it is finite and in fact is com 
stant. 

The difference in application and interpretation of mechanic} 
laws of solid bodies and compressible bodies, is more spectacula 
and instructive in the case presented in Fig. 19 of the pape 


in the pipe continues to move against a constant force (H, 
Hatm ) equal to absolute static pressure available at point Ci} 
Since this force is constant, one would expect that the deceleration} 
should be constant, or velocity should be reduced gradually t« i 
zero, when all the kinetic energy of the column is converted int« 
potential energy of position. Actually, deceleration and accelera; 


tending gradually to the whole mass of water column from on¢§ 
end to the other. 


pears in Moody’s article in the symposium (reference 7 of the 
paper) to that given in Schoder and Dawson’s ‘Hydraulics’ /f} 
quoted by Mr. Goldman. 
Mr. Goldman’s algebra is difficult to follow due to confusio 
of terms and symbols. Thus he introduces a new term f; (time) 
which must be different from author’s time ¢; a little further 
a term L differently defined twice in two lines that immediately} 
follow Equation [16], and different from the author’s notation in 
Fig. 1. Asa result, Mr. Goldman obtained a picture of pressure 
distribution along the pipe different from that shown in Figs. 1if 
and 2 for a sudden valve closure, and Figs. 3 and 6 for a graduall}, 
valve closure. j 
Very frequently, in the field of centrifugal-pump application, |f 
no exact determination of the maximum pressure rise is required. | 
Mere recognition of the existence of conditions leading to water} 
hammer is sufficient to arrive at a procedure of starting or 
stopping a pump, or manipulating the discharge valve to avoid | 
objectionable pressure rise. However, an understanding of'/} 
water-hammer theory is a prerequisite for any consideration |} 
of water hammer. The author hopes that this paper, together }f 
with the discussion, will be of help to those not yet initiated in the i| 
subject. i 


Involute-Gear Geometry 


Nondimensional Analysis and Design of Tooth Forms, 


Tooth Thickness, and Mesh Relationships 


By C. E. GROSSER,! SYRACUSE, N. Y. 


Definition and discussion of recently discovered funda- 
mental gear characteristic called “belt-length ratio,”’ to 
simplify gear design and generation computations, are 
given with necessary measurement procedures, formulas, 
and a graphical calculating chart. The concepts and 
methods are proposed as alternatives to use of conventional 
involute-function tables and formulas. Relationships 
are given in nondimensional (ratio) form so that a mini- 
mum of data are applicable to all gear sizes. A new stand- 
ard for pin measurements of gears and involute splines is 
‘suggested. 


INTRODUCTION 


HE primary purpose of this paper is to introduce and ex- 

plain the use of the graphical ‘“‘belt-length-ratio” chart 

which is appended, and which is intended to simplify the 

computations necessary for the analysis of involute gears and for 
design for optimum performance. 

It is presumed that the procedures and means here to be pre- 
sented may supplant the conventional involute-gear tables and 
the established computation methods to a great extent. Pri- 
marily they are intended to afford short-cuts in gear calculations 
without loss of accuracy; and to present a more simple concep- 
tion of mesh conditions, reducing the need for checking designs 
by accurate drawings of the gears themselves. It is recognized 
of course that large-scale drawings should be regarded as the 
most reliable means for checking a gear design and for analyzing 
conditions in a gear mesh whenever practicable. However, cir- 
cumstances are often such that facilities for large-scale graphical 
analyses are not conveniently at hand. 

It is expected that the devices here offered in the form of non- 
dimensional or “ratio” relationships will serve the purpose of 
helping to visualize better the general scope of gear-mesh varia- 
tions. The data are presented in nondimensional form, so that 
complications on account of size are eliminated, and the results 
of the analyses have the most general application. Gear prob- 
lems are attacked by reducing all dimensions to ratio numbers, 
entering them into the charts and formulas. The results then 
come out as pure numbers which are multiplied by the same size 
factors with which the original dimensions were reduced. 

Included are the derivations of procedures for determining such 
individual gear properties as: (1) the characteristic number of 
teeth in contact N,, which a given gear brings into the mesh with 
any other mating gear; (2) a belt-length ratio (gamma, ratio) 
which describes tooth thickness, and which in combination with 
the corresponding gamma ratio of any other meshing gear, read- 
ily establishes the close-mesh center distance (or deduces the 


1 Professor of Mechanical Engineering, College of Applied Science, 
Syracuse University. Mem. ASME. 
_ Contributed by the Machine Design Division and presented at 
the Annual Meeting, New York, N. Y., November 28—December 3, 
1948, of Tan American Society or MucHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-73. 


backlash of the pair on any specified operating centers); and (3) 
a simplified system of pitch-diamneter pin measurement for es- 
tablishment and inspection of gear size. 

Opportunities for improvement of involute-gear action over 
that usually obtained within the limits of the conventional ‘‘stand- 
ard’”’ tooth proportions have been more or less generally recog- 
nized, and the benefits of such refinements are now being realized 
to an increasing extent in commercial practice; particularly 
in closely limited designs and those for large production where 
special effort is justified to obtain optimum performance at mini- 
mum cost. This is especially true in the automotive industry. 
Potential benefits available from careful study of gear action are: 
(a) greater carrying capacity for a given center. distance; (b) 
smoother action through greater overlap in the mesh; (c) higher 
ratios in coarse pitches with well-designed pinions of small 
tooth numbers; and (d) improvements in efficiency. 

However, when departures are made from the proportions of 
the conventional ‘uniform circular pitch” systems (which have 
been developed as standards for stock gears and which satis- 
factorily meet the great majority of ordinary simple gearing 
problems), many problems present themselves. The standard 
“stock’”’ systems are restricted by the limitation that each gear 
of the system must mesh with every other gear in the system. 
Such a restriction necessitates sacrifice of performance mostly 
on account of “undercut” in low tooth numbers. 

General gear-design problems are involved usually with the 
questions: (1) what are the significant factors which govern the 
tooth proportions and what is the effect of each on the over-all 
performance of the gear drive; (2) can the gears be cut by con- 
ventional methods and with.available tools; (8) is the action free 
of interference and fouling; (4) is there danger of the teeth be- 
coming pointed; (5) what will be the backlash on the required 
center distance; and (6) how can the strengths of the teeth on 
pinion and gear be equalized? 

The answers to these and other questions can come readily 
from a thorough theoretical understanding of the properties of 
the involute, combined with wide experience in the laying-out 
of gear drives which have met a variety of operating and manu- 
facturing conditions. Lacking the experience, a designer may 
equip himself with fundamental knowledge of the principles 
and limitations of the available gear-cutting methods and tools, 
and gain a clear picture of the mechanism of gear action, pri- 
marily involving the geometrical relationships of involute teeth 
with different proportions of thickness, height, and position on 
the involute. Unfortunately, the tediousness and complications 
of ordinary trigonometric and involute-function methods tend 
to discourage the student of gearing from extended analytical 
exploration of involute properties; and the usual lack of readily 
available equipment for easily drawing the involute curves to 
large scale is a great handicap to graphical studies. 


Crossep-Brit ANALOGY AS A CONVENIENT MEANS oF EsTss- 
: LISHING TooTH THICKNESS 


The analogy between the mechanism of involute-gear action 
and that of two pulleys joined by a crossed belt is well known and 
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almost always used in teaching involute-gear theory, and for 
forming the mental picture of the gear mesh. The crossed-belt 
conception has been here analyzed in detail. From it has been 
derived a general tooth-thickness characteristic to be called the 
“amma ratio,’ and which has shown to be an easy means for 
- determining close-mesh center distance of any pair of mating in- 
volute gears (necessarily with the same base circular pitch) which 
will run together. It has also been found that by using the 
gamma ratio it is a simple matter to determine backlash accu- 
rately for any pair of gears on any given centers (usually a trouble- 
some computation when dealing with gears of unequal addenda 
or for modified annular internal-tooth gears), and for determining 
cutting depths in gear generation. 
Fig. 1(a) shows a 10-tooth pinion in a tight mesh with a 30- 
tooth gear, the angular relationship being such that a pinion tooth 
-is placed squarely into a space of the gear. In Fig. 1(b) the 
same gears are shown rotated through half a pitch so that a tooth 
of the gear now stands in the center of the mesh centrally in a 
space of the pinion. In Fig. 1 (c) is seen a pair of equivalent 
pulleys having the same diameters as the base circles of the 
gears, placed at the same center distance, and with a crossed- 
belt stretched tightly between them. It should be obvious that 
the gear and pulley systems are kinematically equivalent to each 
other. The condition of tight mesh, obtained by pressing the 
gears hard against each other, is similar to tightening the belt in 
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At (a) may be noted the heavy band L,, wrapped around the 
base circle of the pinion and extended to end at the contacting 
surfaces of that tooth which is in central engagement with the 
mating gear. The heavy band L,, may be regarded as the generat- 
ing line, the ends of which trace the two involutes composing the 
opposite flanks of the pinion tooth. This line Z;, is observed to 
consist in that portion of the total “crossed-belt’’ which the 
pinion brings to the mesh when a tooth is engaged on both 
sides. 

At (b), a similar heavy band or belt L,, is shown terminating | 
at the sides of a pinion space, i.e., that space which contains a 
tooth of the mating gear; and in this situation the heavy band 
L,, is seen to be that portion of the total crossed-belt which the 
pinion brings to the mesh when its space is engaged. The 
difference in length between the two different position belt lines 
L, and L,, is clearly equal to one base pitch Ps (sometimes 
called ‘normal circular pitch”). Therefore the portion of 
“helt”? which any gear brings to a tight mesh fluctuates between 
L,and L,; and in view of the fact that when one of a pair of mesh- 
ing gears contributes its longer length L,, the other gear in- 
evitably and simultaneously contributes its correspondingly 
shorter L, (and vice versa), we may say that the mean (aver- 
age) length of belt which any gear contributes to a tight mesh is | 
equal to 
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(Demonstrating that each gear brings an invariant main 


belt length to a tight mesh with any other mating gear.) 
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where 


& 
3 
| 


= mean (average) operating belt length of gear 

. belt length whose ends generate two sides of a gear space 

base pitch (normal circular pitch or distance from tooth 
to tooth along base circle) 


In Fig. 1 (d) the mean belt length is illustrated for the two 
gears (now separated) which were shown in mesh at (a) and (b). 
The illustration shows that each of the mean belt lengths 


Ln 
(pinion) 


or 
Tan 


i 
(gear) 


terminates at the center of a circle or measuring pin which is 
pressed tightly into a space between teeth, and that each of these 
pins has a diameter of one half the base pitch (1/2 P,). That this 
arrangement is consistent with Equation [1] should be plain; 
inasmuch as the belt length which generates the two sides of a 
gear space is augmented at each of its two ends by the radius of 
the pin (which equals 1/, P,). 

Henceforth this “mean” (average) operating belt length will 
be referred to as the “main” belt length, partly because it is an 
important inherent gear property, and primarily because with 
such a belt length (when stretched tightly and with its ends joined 
together), the junction of its two ends falls on the main pitch 
circle (where tooth thickness and gear space are equal). 

Fig. 2 is a supplementary illustration of the relationships 
among the main belt length, the main pitch circle and the 
main measuring pin. It is there shown that the main 
(average) operating belt length, which characterizes a given gear 
and which it invariably brings to a mesh has a length of 


and 


Pie ee Nb EPs LD hoc coh ah, tales 2] 
in which 
L,, = average or main belt length 
‘N = number of teeth in gear 
P, = base circular pitch 
= (cutter circular pitch X cosine of cutter pressure angle) 
T, = tooth thickness at base circle 


In Fig. 2(c) are shown two auxiliary involutes (dotted) passing 
through the main pitch point. These represent the traces of 


the ends of the main belt length Z,,, as it is unwrapped from’ 


the base circle. 
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If the pressure angle of these auxiliary involutes is ¢,, at the 
center of the measuring pin having diameter 1/2 P, (Fig. 2(c)), and 
the terminals of the main belt length are followed in their paths 
along the auxiliary involutes as it is wrapped around the base 
circle, we find that the length of the main belt length 


Te a (Qe Oliv GoRe peo eens [3] 
where 


inv ¢, = angle intercepted between “origin” 
involute z; and the main pitch point 
R,. = base-circle radius 


of the auxiliary 


Expressed in nondimensional form as the ratio y,, of main belt 
length to the base-circle circumference 


lbp. 1b 
Ym = =e ee ee [4] 
2rR, N PP b 
where 
N = tooth number and other quantities are as defined in 


Equations [1], [2], and [3]. 
Substituting for L,, in Equation [4] from [3] 


(27 + 2 inv ¢,,)R, 


Yn > 
oa ae A 
inv ¢ 
we 
Tv 
inv ¢ 


and generally y=l1lt = 
for any pitch radius at pressure angle ¢. 

As will be shown later, 7,, is a significant nondimensional char- 
acteristic of an involute gear, which can be used conveniently to 
establish tooth-thickness effects, the tight-meshing conditions 
with mating gears, and the proper depths for gear cutting. 

In Fig. 1(d) further, we see that the radius of the circle upon 
which the center of the main measuring pin lies is designated 
as R,,, which denotes the main pitch radius. The ratio of this 
radius to the radius of the base circle R,, will be referred to as 


R. 
Ko Ry Fat SLVOGN NIC ee MOO ORT OO , - [6] 


where ¢,, = main pressure angle. 
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Generally, K = R/R, = sec 4, for any pitch radius. 

In the Appendix is given a graphic chart which shows the re- 
lationships among pressure angle ¢, K = sec ¢, and y = belt 
length ratio for pressure angles of from 0 to 60 deg. An additional 
scale of log K has been added to assist in accurate computations. 
The chart is in graphic form to avoid the necessity for interpola- 
tion. The accuracy of the chart is such as to yield results pre- 
cise to at least one part in ten thousand. It may be used easily to 
compute many general gear-tooth and mesh characteristics as 
will be shown. 


GEAR-SIZE MEASUREMENT 


The remarkable significance of the position taken by the 
main measuring pin (which has a diameter equal to one half 
the base pitch) is demonstrated in Figs. 3-and 4 which show 
several gears having different tooth thicknesses and different 
numbers of teeth. In each case, it is demonstrated that the 
“main measuring-pin center falls precisely on a pitch circle at 
which the tooth thickness exactly equals the tooth-space width,” 


MAIN PITCH 
CIRCLE 


BASE 


CIRCLE—, 
faerie 


Rb 


DIAMETER=1/2P 
MAIN MEASURING > 
PIN 


Fic. 3 Derrrnition or Main PitcuH Crrcue 


. (For any_gear there is one pitch circle upon which tooth and space are 
equal. Its position depends upon the center distance at which the gear is 
generated.) 
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the right. The intercepted belt-length interval is equal to the| 
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(constituting Theorem, [7], and this relationship holds for interna 
(annular) gears as well as for external spur gears. The proof o 
this is implied by Earle Buckingham,? and is given in detail by 
Merritt,? although the fact has not received particular atten- 
tion. 

An equivalent proof may be made by referring to Fig. 2 (c) 
where it is seen that one end of the belt line terminated at the 
center of the main measuring pin has a portion of its length 
intercepted between the auxiliary involute z, (dotted, passing) 
through the roll center) and the adjacent tooth surface z2, toward 


main pin radius, of value one quarter of the base pitch (1/4 P,).| 

If the gear is rotated clockwise so that the auxiliary involute| 
(dotted) coincides with the adjacent tooth surface zz, the neces-| 
sary rotation. of the gear must be one quarter of a tooth angle, | 
since this is the amount of belt taken up by rolling onto the 
base circle. If the gear has turned through one quarter of a| 
tooth angle, then the auxiliary involute z, must have moved | 
through one quarter of a circular pitch on the main pitch circle’ 
to coincide with position zz. Therefore the whole gear-space 
width must be twice as great as this (one half a circular pitch on 
this main pitch circle). It is obvious that the tooth thickness _ 
must also be one half a circular pitch on the main pitch circle | 
R,,- Since this proof contains no restrictions on the number of | 
teeth or on the proportions of the involute, the Theorem [7] is 
completely general. 

The knowledge that the main measuring roll (1/2 P,), always 
takes its position on that circle, where tooth and space are equal, | 
is useful as an inspection device inasmuch as it easily establishes 
the position-of the main pitch circle, that diameter on which 
is terminated the main belt length.4 The designations of 


main pitch diameter and main pressure angle for the pitch circle, | 


having equal tooth and space widths, have precedent in their 
use by Vogel.5:67 

Fig. 6 reveals an important relationship between different sizes 
of measuring pins and the positions which they assume with 

2 “Spur Gears,’ by Earle Buckingham, McGraw-Hill Book Com- 
pany, Inc., New York, N. Y., 1948, Eq. 53, p. 77. 

3 “Gears,” by H. E. Merritt, Pitman Publishing Company, New 
York, N. Y., 1942, p. 145. : 

4 A handicap encountered in the use of this particular main meas- 


uring pin (diam = 1/2 P;) is that for gears where the main pitch | 
circle is to be located on full-depth-addendum teeth, the outer sur- | 
face of the roll falls within the tips of the teeth. However, this dis- | 


advantage may be overcome by the use of gear-measuring microme- 
ters having partially pointed anvils as shown in Fig. 5. 

5 “Involutometry and Trigonometry,” by W. F. Vogel, Michigan 
Tool Company, 1947, p. 260. For footnote 6s and 7 see p. 543. 


Fic. 4 Exampies or Main Mmasurine-Pin Location on Marin Pirca D1aMprer 


GROSSER—INVOLUTE-GEAR GEOMETRY 


Fie. 5 Sprcian Grar-Mrasuring Micrometer Wite ConicaL 
Anvits To Permit Use or Main Mrasurine PIn 


PIN DIA .=3/4F 


8 ae 


J /2P, 


— Tol 1 
——"ANY GEAR ! 
OF N’ TEETH 

oN 


Fic. 6 DrMonstRATION OF THEOREM THAT Any Mrasurine PIN 

CENTERS ON PitcH CiRcLE WHERE ToorTH Spacek Is Same FRAcTION 

or Tootu ANGLE As Pin DiAMETER Is or Base PitcH ; 

Pin diameter Space [at pin center] 
Base pitch Tooth angle 


where, tooth angle = 27/N. ) 


respect to the gear teeth. It may be noted that a measuring pin, 
having a diameter equal to a full base pitch P,, rests with its 
center on the circle where the gear teeth would become pointed if 
sufficiently extended. Also, the center of a pin of diameter equal 
to 3/, P, stands on a circle on which the space occupies */, tooth 
angle (3/4 8). By a proof similar to that immediately following 
Theorem [7] it may be established that the pins of the same pro- 
portions will take the same relative positions on anyg involute 
gear (of corresponding base pitch); and the general theorem may 
be stated: 

‘A measuring pin will take the position such that its center falls 
on a pitch circle where the space angle is the same proportion of 
the tooth angle as the pin diameter is of the base pitch” (Theorem 
[8]). 

Theorem [8] is useful in such cases where a measuring pin of the 
desired diameter is not available; in which case it is possible to 
translate its position in terms of the presently recommended 

‘main or even of conventional measuring pins, by the help 
of the gamma-ratio chart. Theorem [8] is also useful for drawing 
involute-gear teeth accurately. Both methods will be discussed 
in more detail near the end of the paper. 
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DETERMINATION oF Tigut-Mesa Center Distance or Two 
Gears By Use or Gamma-Ratio Cuart 
Referring to Fig. 1 (e), it is noted that the gears shown at (a), 
(b), and (d) have been brought back together in mesh, and their 
main belt lengths Z,, (pinion) and L,, (gear) (shown separately 
at (d)), have been joined together again at the joints zz. The 
junction points zz are displaced from the operating pitch point 
po by the intervals A. That portion of the pinion main belt 
length which extends from the operating pitch point po around 
the pinion base circle and back to po is shorter than L,, (pinion) 
by 24; and similarly the augmented belt length from pp around 
the base. circle of the large gear is longer than L,, (gear) by 2A. 
The ratio y,, (pinion) which is equal to 
Tie 
(pinion) 
INE er. 
(pinion) 
in this case is greater than 
Ln 
Ym  _ (gear) 
(gear) NP, 
(gear) 


This is clear from an inspection of Fig. 1(d) where it is evident 
that ¢,, (pinion) is greater than ¢,, (gear), and study of Fig. 7 


b= PRESSURE ANGLE 
erie 


6 b 
ANY PITCH L 
CIRCLE "R” y ie 
2m R, 
BASE CIRCLE 
“Rp” 
BELT LENGTH 
oe basis 
_FORMULAE: 
Rp, = MAIN PITCH RADIUS;-WHERE TOOTH= SPACE 
- Nomi + Ime 
(MESH) Nee No 
7, = + 2 C tan 
(cordecrep) ( UNCORRECTED) aN Gave 
Nee Noear [ % - a rs be = bo | 
2 180° 
geno= sme HIS 
2N 


(WHERE FORMULA IS APPLIED TO INTERNAL 
GEAR TEETH "“N” IS NEGATIVE) 


Fig. 7 Meranine or GamMa-Ratio-CHART SYMBOLS AND SUMMARY 
or GEAR FORMULAS 


(the latter of which shows the meaning of the gamma ratio, as 
the length of a belt stretched around a base circle and to a point 
on any pitch circle, divided by the circumference of the base 
circle). It is evident that the larger the pitch circle and therefore 
the greater the pressure angle, the greater the gamma ratio. 

Returning to the particular analysis of Fig. 1(e), the gamma ra- 
tio for the mesh 


L L 
ee oN 4G 2A 
ent eee = plaien}on 7 = ea s 
mesh) Np Py N; P, 
(pinion) (gear) 
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or 


‘0 2A 2A 
Saas yf A Ym 
= = A am ey = + ec 2 oe tale [9] 
ees eg (pinion) N,P, (gear) N,P, 


This value of the gamma ratio yo is obviously intermediate be- 
tween y,, (pinion) and y,, (gear), and so we may conclude that 
generally two gears which are cut so as to have main pitch 
circles at different pressure angles on their involutes will mesh 
_tightly at an “operating-mesh pressure angle which is intermedi- 
ate between their main pressure angles.’’ The intermediate value 
of pressure angle may be determined as follows: 
From Equation [9] 


Ym 


(ia pies Sse as 
a (pinion) Neots 


and by multiplying both sides by NV, 


2A (10) 
r Daan ae ea ae cee Re 
Ngee (pinion) ~ ° 
Similarly 
2A 
Re ING ine Pot tcrtere ree [11] 
ca (gear) y 
By adding Equations [9] and [10] 
AT N NT Ym Ym 
ar eee, (pinion) Na (gear) 
from which 
7 Ym Ym 
SES No (pinion) * Ne (gear) Rei 
(pinion-gear = N a ORE 
mesh) p +N, 
where 
N, = number of teeth in pinion 
N, = number of teeth in gear 


From the result, Equation [12], it is possible by reference to 
the gamma-ratio chart, to determine the corresponding Ko (from 
which the center distance may be obtained Since 


Re Ro Ro Ro 
as (pinion) 5 (gear) ™ (pinion) + (gear) 
Ry Ry fy ah Ry 
(pinion) (gear) (pinion) (gear) | [13] 
__ center distance 
Rk, Ry 
(pion) (gear) 


Therefore the knowledge of the main pitch-circle diameters, 
combined with the base-circle diameters, enables one to predict 
the tight-mesh center distance by the use of the gamma-ratio 
chart. 


CALCULATION oF TyPicaL Grar-Mrsao Crnrer Distancn, 
Usine Gamma Cuart 


As an example of the procedure, let us take some values which 
may apply to Fig. 1. We shall say that the pinion and gear have 
been cut with a standard Fellows 10 DP 20-deg stub cutter in an 
enlarged blank, so that the specifications are as follows: 


Pinion: Cut 10 teeth in an 11-tooth blank with a 10/12 DP 
20-deg-pressure-angle cutter. 

Cut 30 teeth in a 29-tooth blank with a 10/12 DP 
20-deg-pressure-angle cutter. 


Gear: 
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This is common procedure to avoid undercut in the pinion 
and still operate on standard-center distance. However, if the 
vear cutting is done to a standard depth with a circular cutter 
it has been found by experience that they will not mesh tightly 
exactly at the standard center distance of (10 + 30)/(2) (10) = 
2.000 in. . It is assumed that a 4-in-diam 40-tooth Fellows shaper 
cutter is used; its main pitch radius then will be R,, (cutter) = 
2.000 in. since these cutters are made with tooth and space equal 
on the nominal cutter pitch diameter. 


At the standard cutting depth, the center distance for cutting, 


the pinion will be 
center distance Bhe40h oe We ; 
(cutter + pinion) ~ (3) 10 DP — PADS VN rbor 


and cutter from Equation [13] 


center distance 


Ko _ (cutter + pinion) 
(cutter -+ pinion) R; if R; » 
(cutter) ' (pinion) 
3 ee 
1/40 | 10\cos 20 deg 
ZEN AO SO 0.940 


and referring to the gamma-ratio chart (see Appendix, chart 1), 


the corresponding value to Ko is 


Yo 


(cutter-pinion) — 1.00723 


also 
po 


(Gita pion may be read as 22.9 deg 


Now reading again on Chart 1 


= 1.00475 since = 20 deg exactly 


Ym Om 
(cutter) (cutter) 
Applying Equation [12] 


N, Vn zi 
“Vo _ (cutter) (cutter) 
(cutter-pinion) Ne, + 


N P Ym 
(pinion) (pinion) 
N. 


Pp 


or 


Vm 
(40) (1.00475) + (10) (pinion) 
40 + 10 


1.00723 = 


from which is solved 


Ym @ _ (40 + 10)(1.00723) — (40) (1.00475) 
(pinion) — (10) 


= 1.01715 


Similarly for the gear 


center distance 
(cutter and gear) 
(cutter) + (gear) 


oll 


Ko ny 
(cutter-gear) 


407 + 297 
10 DP * 


(the 117 figure is used since we are cutting in the enlarged blank). 
The kappa ratio for this cutter-pinion operation is obtained by| 
dividing the center distance by the sum of the base radii of pinion | 


1 


"_ (\ [rt or dee 
2 10DP | (0.940) : 
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The corresponding values from the gamma-ratio chart 1, are 


Y = 1.00320, and oo 


(cutter-gear) (cutter-gear) — S78 Sos 
Solving by Equation [12] transposed 
Ym Ym 

‘Yo bi Ne (cutter) Nag (gear) 
(cutter-gear) ~ No oN 
ce g 

(40) (1.00475) + (30), %™ 

(gear) 


1.00320 = 
40 + 30 


From which 


Ym _ (40 + 30) (1.00320) — (40) (1.00475) 
(gear) 2 5 ag na = 1.00080 

_ We now have the main belt-length ratios of the pinion and 
gear as they would come off the Fellows gear shaper (and pre- 
sumably we have checked these values by actual measurement of 
the positions of the main measuring pins). 
Taking from the foregoing 


ec Sa OATS 
(pinion) 
and 
Ym = 1.00080 
(gear) 
Equation [12] 
ve (30) (1.00080) + (10) (1.01715) 
- (pinion-gear) ~ 30 + 10 = 1.00489 
And from the gamma chart 
i = 1,0655 


(pinion-gear) 


~ 1.0685) (2) (2+ 29) 


(0.940) 
X cos 20 deg = 2.003 in...... [14] 


Tight-mesh center distance 
(pinion-gear) 


Equation [14] checks the common experience that when 
“corrected” gears are generated by circular cutters, additional 
depth of cut must be allowed over that usually provided for 
backlash, if the expected mesh conditions are to be obtained. 
In this case either pinion or gear should be shaped an additional 
0.003 in. deeper before allowance for backlash is made. 

On the other hand, if the same gears were hobbed with a stand- 
ard hob or even if cut with a different-size shaper cutter from that 
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ee ae 
(2 = Dp: sin bro) 
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assumed in this case, the gears would mesh tightly on still differ- 
ent centers. 

For example, if the gears are hobbed or rack-shaped to the same 
specifications, in cutting the 10/117 pinion, the hob or rack would 
be withdrawn by 1/. addendum from the usual position for a 
10-tooth pinion. This is shown in Fig. 8. 

The withdrawal of the hob (or cutting rack) by (1/2)/DP = 1/2 


addendum causes. the main belt length of the pinion to be in- 
creased by 


sin 20 
10 DP 


over that possessed by a standard (unenlarged) 10-tooth pinion. 

Generally the enlargement of pinions is expressed as a correction 
factor which represents the withdrawal of the generating cutter 
(as well as the radial enlargement of the blank) in terms of a full 
addendum (1/DP). If, as in the case under discussion, the hob 
is withdrawn by !/, addendum, the correction factor C is 0.5. 


e Ae ; ; 
When “enlarged” pinions are hobbed, the main gamma ratio 
becomes 


26 = (2) (/. addendum) sin 20 = 


ne 7 ai (2) 
(corrected) ~ (uncorrected) (base circle circum) 
@ 
‘ mt , (2) DP sin Prob 
~ (uncorrected) N 
wv DP COs Prob 
Ym 2 C tan Prob 
™ (uncorrected) SF, eae ieee Se [15] 


where N is the number of teeth in the gear being cut; y,, (un- 
corrected) is 1.00475 for 20-deg hobs (and 1.00178 for 141/5- 
deg hobs); as may be read from the gamma-ratio chart, for these 
pressure angles, in the Appendix. 

Applying Equation [15] to the 10/117 pinion and 30/297 gear 
to be hobbed 


0.3640 
Vin (2) (+1/2) (tan 20 deg) 
(pinion) ~ 1.00475 + = edo ae = 1.01633 
Ven (2) (+1/2) tan 20 
SETA WVASR a ee eno 
(gear) 00475 @ BO 1.00089 


These values of main belt-length ratios are appreciably dif- 
ferent from those obtained previously by shaping with the 4-in- 
diam cutter. 

The tight-mesh center distance of these gears may now be ob- 
tained 


Yo (10) (1.01633) + (80) (1.00089) 


ade as = = 1.00474 
(pinion-gear ) 10 + 30 


This value of yo corresponds on the gamma chart to 


do 


Be = 20 deg 
(pinion-gear) 


exactly, indicating that when hobbed, the corrected gears mesh 


tightly on standard centers, that is, if pinion and gear are cor- 
rected oppositely to the same degree, as in this case. : 

It has been found that a correction factor of C = 0.5 is a good 
general figure to use for elimination of undercut in low-tooth- 
number pinions down to 8 teeth. Below 8 teeth full-depth teeth 
may become pointed. 
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EsTaBLISHMENT oF Contract Ratio By Use or Gamma-Ratro 
CHART 


It is possible to find the proportion of contact ratio which a gear 
brings to a mesh by the following method: 
Referring to Fig. 9, the amount of belt length intercepted be- 


no\ OPERATING 


PITCH POINT 


OPERATING 
PITCH 
CIRCLE 


CREST 
CIRCLE 
(GEAR OD.) 


Fig. 9 Contact Ratio N, ContTRiBsuTED BY A GHAR OF GIVEN 
Outsipz Rapius Re, AND OPERATING AT A GIVEN PRESSURE ANGLE ¢o 


On eno 
(x Pp = 1/2 N Ps [ye — 1 + feel) 


tween the operating pitch point Oo and the outside circumference 
of the gear is seen to be (in terms of p,, the base pitch) 


(1/2) Be Py ye + 2b. — $0) Ry — NP ae 


N He Benes 
} 2($. eA do) Ry 
=e W/25NieR — eee 
/ b E our oR, 
or 
N 
(gear) $°.—$°o 
N, = ——| y.— vo + ———_ ] .......... 16 
a emt eS eG ae 
where 
¢°, = pressure angle at tooth crest, deg 
¢° = pressure angle at operating pitch point, deg 
Y- = gamma ratio corresponding to radius at tooth crests 
N, = number of teeth in contact between tooth tip and oper- 
ating pitch point 
N = number of teeth in gear 


As an example of this calculation, take the contact ratio of 
the gear pair in Fig. 1, in tight mesh at 6% = 20 deg. For the 
10/117 pinion, the crest radius is, with 10/12 pitch stub teeth 


Re = (hy ae + _ 0.6333 ; 
(pinion) — (1/2) 10 DP eh 12 See “es 


R ; 6 
eS age Sls oe ve ee ears 
(pinion) R, (1/2) 107 20 0.4700 
10 DP” 
Referring to gamma chart 4 in the appendix 
Ye" = 1.05368 and, .% | = 42.08 deg 


(pinion) (pinion) 


(yo = 1.00475 for do. = 20 deg) 
Now applying Equation [16] 


TRANSACTIONS OF THE ASME 


which corresponds on gamma chart 1, to 


of this large measuring pin must be longer than the main belt 
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Ne ity | 1.05805 — 1.00475 + 


42.08 — ol 
(pinion) 7 2 


180 


Similarly for the gear 


1.5333 in. 


wu 
BE, (4/2) (*) + ~ = 1.4500 + 0.0833 


(gear) 10 DP 12 .. 
(gear R, 20 : 
(1/2) 0 DP cos 


fees = 1,00751 and apie = 23.16 deg 


(yo = 1.00475 for ¢o = 20 deg) 


The number of teeth brought to the contact by the gear at 20 deg} 
pressure angle operation is then, by Equation [16] 


N (30) Rid 23.16 — _ | 
o-— — | 4.00751 — 1.00475 + —=———— = 0.307 | 
(gear) 2 | ee ‘ 180 
The contact ratio for the mesh is 


N, N, 


. = T Tee ORGS 
(pinion tien 0.867 + 0.307 = 1.16 


which is rather low, indicating that full-depth teeth would be pref-' 
erable for such a mesh. 


DETERMINATION OF TooTH PoINTING 


When corrected pinions are designed it is desirable to check 
that the teeth are not pointed, and how much land width exists 
on the crests of the teeth. This is a relatively simple procedure 
when Theorem [8] is used, which states that a measuring roll of 
diameter equal to a base pitch will stand in a tooth space with its 
center on the circle where the teeth would become pointed. Re- 
ferring to Fig. 10, it is seen that the belt length L, to the center’ 


length Z,, by 1/2 P,. 


PIN DIA. = A 


PIN DIA. = 1/2 R { 
P 
Bere POINT BELT 
LENGTH-Lp 


MAIN MAIN 
PITCH BELT 
CIRCLE LENGTH 
‘s | 


Fig. 10 Demonstrating Tuat tan Beit Lenctu To Toors Pornts 
Is Haur a Base Prron Lonerer THan Main Bett Lencta 


(This figure also shows how the tooth profiles may be constructed with 

knowledge of locations of the main pitch circle and the point pitch circle. 

The involute is determined by four _ of location and four slope direc- 
Se tions. 


The gamma ratio for the point location is then 


since 
2rR, = N Pi 
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Therefore if the main belt-length ratio y,, for the gear is 
known (from knowledge of how it is cut), the value of K, may be 
found in the gamma chart, corresponding to Y, determined by 
Equation [17]. This is an extremely easy procedure for finding 
the point pitch radius of off-standard gears when compared with 
the usual method involving direct use of the involute function. 
As an example of the use of Equation [17], the position of the 
points of the 107 pinion in Fig. 1 are found as follows: 


The hobbed 10/117 pinion had a main gamma ratio 


Ye | = 1.01633 
(pinion) , 


and from Equation [17] 


(pinion) = 1.01633 + = 1.01633 + 0.05000 = 1.0663 


(2) (107) 
From the chart 4 in the Appendix 


K, =— 
(pinion) = 1:04058 


and the point-pitch radius 


R, 10 0.940 
(pinion) = (K,)(Ry) = (1.4053) (1/2) 10 (cos 20 deg) = 0.660 
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in. which is well beyond the crest radius of 0.633 in. previously 
determined. Actually, full-depth teeth could be used safely 
without pointing. 

Examination of Fig. 10 will reveal how by locating the point- 
pitch radius, the main pitch radius, and the base radius of a gear, 
the involute curves may be readily drawn tangent to the meas- 
uring pins there shown. 
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Appendix 


The Appendix contains a “gamma-ratio chart” which graphi- 
cally relates pressure angle ¢, ratio of pitch circle to base circle 
K, and ratio of belt length to base circle y. Note that K = . 
sec ¢. Corresponding values of ¢, K, log K, and y are located 
on the same horizontal line. 


6 “‘Involute Gear Calculations Simplified,’ by A. H. Candee, 
American Machinist, September, 1945, vol. 89, no. 14, p. 122. 

7 “Playing Hob With Involute Gears,” by J. D. Howell, Machine 
Design, April, 1942, vol. 14, no. 4, p. 106. 
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Discussion 


A. E. Ricuarp pre JoncE.® Invited by the author to discuss 
this paper, the writer finds himself in a difficult position, for he had 
expected new facts on involute gears and how they could be im- 
proved for practical purposes. The reading of the paper left him 
disappointed, as nothing so revolutionary has been attempted. 
All that the author has submitted is a new method of calculating 
various involute-gear characteristics. 

Many calculations on involute-gear teeth require the use of the 
so-calledinvolute function tan¢ — ¢. Apparently, it was the elimi- 
nation of the use of the involute function which was in the author’s 
mind. However, no method of calculation of whatever nature can 
get around the involute function, and the latter is bound to come 


up sooner or later in any such method. All that can be done and . 


has been done in the past is to provide, by computation before- 
hand, tables which correlate various functions with the involute 
function and the pressure angle. .What the author has done is to 
produce such a correlation of data, which he has published in the 
form of a ‘“gamma-ratio chart.” In order to do this and keep its 
size down, he found it necessary to eliminate the size factor, and 
this he has achieved by deriving, from well-known relations, a 
formula involving the involute function in nondimensional form. 
The remainder of the paper shows how this formula can be used to 
solve various problems on involute gears, and it is claimed that 
this formula simplifies such calculations. 

It is true that the author’s approach appears to be novel and as 
. such merits attention. However, it necessitated the introduction 
of the rather artificial concept of “belt length ratio,” as well as the 
setting up of a “graphical calculation chart,” his gamma-ratio 
ehart. It seems unnecessary to point out the great amount 
of work which the latter undoubtedly involved. In its creation 
lies the principal value of the paper. 

Whether the author has succeeded in simplifying involute-gear 
calculations by his method is debatable. By the introduction of 
the belt length ratio, the lucidity and directness of approach to 
involute-gear problems suffers. Thus it remains to be seen 
whether the author’s expectations that the “procedures and 
means here presented may supplant the conventional involute- 
gear tables and the established computation methods to a great 
extent,” will be realized, for the practical engineer, in general, 
makes use of the most direct methods which he can easiest com- 
prehend and remember, and, to the writer’s mind, the method pre- 
sented by the author does not fall in this category. Although the 
author has taken great pains to show, by a number of well- 
chosen examples, how his method can and should be applied in the 
solution of various involute-gear problems, it remains to be seen 
whether practical engineers will follow him in applying his 
method to still other problems. 

While the writer is always gratified to find new solutions to 
existing problems, he is mindful of the fact that they should be 
simpler and more direct than previously known solutions. A 
comparison of the author’s method with the one cited by him 
{footnote 6) shows that the latter is undoubtedly more direct and 
briefer. This method makes use of precalculated tables for the 
correlation of the various values with the pressure angle, the in- 
volute fuyction, and other trigonometric functions of the pressure 
angle, but when these are known, the actual solution of involute- 
gear problems involving, for example, variations of gear mesh, 


and so forth, by this method seems to the writer to be more simple. - 


The use of large-scale drawings is recognized by the author to 
be the most reliable means for checking gear design and for analyz- 
ing conditions in a gear mesh. Indeed, by actually drawing the 
profiles of gear teeth in mesh with each other, the greatest clarifi- 


® Consulting Engineer, New York, N. Y. Mem. ASME. 


cation is obtained, and this task is by no means as difficult as ae 
author seems to think. The curves can easily be drawn by simple 
means, generally by compass and ruler, but it should be men; 
tioned here that there exist ‘‘involutographs” which draw thé 
involutes directly just as ‘“ellipsographs”’ draw ellipses. The 
use of celluloid templates, or even ordinary tracing paper, allows 
the study of gear-generation problems and of undercutting in the 
simplest manner. 
The writer wishes to draw attention to the fact that there stil 
exist numerous problems concerning the generation and manu i 
facture of involute gears of highest accuracy and means for check i 
ing the accuracy of such gears. In addition, there still ase | 
the problem of noise suppression and the means by which noise I 
i 


| 


less gears can be obtained. In practice, slightly relieving the 
tooth face toward the tip has been found to improve the silen 
running of gears, and this can be shown theoretically to be neces- 
sary, but data on how much this relief should be do not seem to, 
have been published. At present this is still done by trial and 
error. Such problems seem to the writer to be far more im- 
portant than the attempts at simplifying some numerical calcula- 
tions, although the value of their simplification should not be 
underrated. 

The author has given wide space to the use of measuring pins.| 
These have been used in practice for a long time and have been 
described, as stated by the author, by H. E. Merritt who has also 
discussed their properties. The extension of this knowledge of 
their properties by the author will prove a valuable aid to the? 
technician who has to produce highly accurate gears. ' 

Unfortunately, there are numerous numerical errors and mis-| 
prints in the paper, and the omission of symbols in some figures 
cited in the text, which, as well as the small size of Figs. 1 and 2, 
prove to be an impediment to the reader. 

The detailed discussion of the various problems solved by the | 
author and their comparison with solutions by other methods 
would take far too much space to be permissible here, and the few 
general remarks made will have to suffice. As regards simplicity 
and directness of a method, the writer wishes to close with the 
well-known exhortation by Lord Kelvin: ‘A problem is never | 
solved until it is reduced to the simplest terms,” which, in all in- 
vestigations, should never be lost sight of. 


J. D. Howe...’ To understand the importance of this paper, | 
let us take a practical example, and assume that our maintenance 
mechanic has brought us the gear shown in Fig. 11 of this discus- | 
sion. Except for the missing teeth, it is a good gear, or at any 
rate, a necessary one. The mechanic knows it had 10 teeth, and 
its outside diameter is 13.000 in., but beyond that, he is stuck. 

The first thing we do is to measure the base pitch, by method 
(a) in Fig. 11, if we have a micrometer or vernier caliper capable of | 


® Manager, Design Section, Engineering Department, Willcox & | 
Gibbs Sewing Machine Company, New York, N. Y. Mem. ASME. 


(a) (b) 
P,= A-B 


Fie. 11 MEASUREMENT or Base PitrcH 
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getting between the teeth, or by method (6) if we prefer to use a 
height gage. Knowing the base pitch, we can identify the system 
or basic rack of the gear just as positively as we can identify a 
person by: his fingerprint. In fact, though the writer has never 
come across such a table, it would: be practical and very con- 
venient to have the base pitches of all standard gear systems 
tabulated in an ordered series against their respective racks, 
identified by pitch and pressure angle. We have found the base 
pitch to be 2.952, and lacking a table, must use the formula. 


T COS std 


a 
DP sta 


== CP sta COS std 


Trying 141/2° and 20° for gsta, we decided that the gear belongs to 
the 1 DP 20° PA system, though it has been modified by cutting 
on an 11-tooth diameter. 

While the mechanic turns up the !/2 base-pitch pins to 1.4711 
in. diam (we got the extra accuracy by substituting back in the 
formula), we find a machine shop that has the necessary shaper, 
cutter, or hob (it does not matter which). - When we get the pins, 
we find the main pitch diameter, and with the formulas of this 

paper, obtain all the information necessary for cutting the re- 
placement gear. 

Reviewing this example, we see that the regular identification 
of a.gear by tooth number, pitch, and pressure angle has been 
quite inadequate, as the two latter values cannot be measured. 
They are, in fact, variables dependent upon cutting and mesh. On 
the other hand, the base pitch is easy to measure and accurately 
defines the gear system. Similarly, the main pitch diameter, 
given the base pitch, is easy to measure, and definitely defines any 
cutting modification, whether it is a major modification for 

elimination of undercut or only an allowance for backlash. Thus 
with these two values and the tooth number we have a complete 
and practical three-parameter identification of any involute spur 
gear. 

Some comment is due the author’s y or belt ratio, a concept 
that has unquestionable ._pedagogic value in clarifying gear 
geometry. This writer will admit occasional confusion over the 
dual role of the involute function as a function of the pressure 
angle and as an angle in its own right. However, the relation be- 
tween y(¢) and inv ¢ is linear (Equation [5] of the paper), and 
the writer suspects that the amazing simplification of gear formu- 
las which the author has obtained is due less to this concept than 
to the concepts of main pitch diameter and main pressure angle. 
Thus, transforming his Equations [12], [15], [16], and [17] from 
the y form to the g form, we get 


Ni inv gm + Ne inv ome 


i Be ES Se eS he 12¢ 
Inv go ow, [12a] 
2C' tan hop Wok 
INV gmy = INV ¢ghob + es a ence, [15a] 
Ns 
N 
N, = — (tan g, — tam go).......... [16a] 
27 
e é vw 
INV gp, = INV gm + aN Joo eee [17a] 


which seem to the writer just as simple as the original forms. 
Also, to the writer, the use of K for sec yg seems to have no value 
and to add unnecessary confusion. 

These last points, however, are mere technicalities. The writer 
wishes to congratulate the author on a paper of importance to all 
engineers interested in gearing. 


Micwarn Vasvart.!° The author has given a valuable ex- 
plantion of involute-gear geometry, but the writer feels that 
the calculation by this method is somewhat lengthy and com- 
plicated. Such calculations may be accomplished more easily, 
more rapidly, and more exactly by using the conventional in- 
volute functions and formulas, than by the present method and 
by the “gamma-ratio chart.” 

The author shows his system in an example and concludes in 
Equation [14] that the center distance of the discussed pair 
of gears, which is corrected and cut to standard depth by a 
Fellows circular cutter, will be 0.003 in. larger than the standard 
center distance. He concludes: ‘In this case either pinion or 
gear should be shaped an additional 0.003 in. deeper before 
allowance for backlash is made.” , 

By coincidence the result in this example checks with the gen- 
eral practice, but the conclusion drawn is not theoretically cor- 
rect. Pinion or gear should not be cut to the same additional 
depth, and this depth is not equal to the increase of the center 
distance. / 

If corrected gears are generated by a Fellows circular cutter, 
it is necessary to cut pinion and gear to an additional depth, and 
this depends only upon the number of teeth of the cut element 
and of the cutter, and on the value of the correction. 

This is based on the following calculation: 


. 


A noncorrected pair of gear has a standard center distance 


Ne ar Mh, 
= 

2DP 
and a pressure angle, which is equal with the cutter angle a, 
whether they are hobbed, rack-shaped, or generated by a Fellows 
circular cutter. In the foregoing formula, N, = number of teeth 
of pinion; N, = number of teeth of gear; DP = cutter pitch; 
a = cutter angle. 

If we will give the pinion (C,,)/(DP) correction and the gear 

(C,) /(DP), then the new pressure angle ¢ 


i = LORIE ROO Rene 18 
inv « N, +N, Sie a [18] 
which is the first base equation of the involute gears. (This is 
the same as Equation [12] in the paper.) 
The new tight-mesh center distance is 
cos 
a= a sea ee Re Ake {19] 
COS € 


b, and b, are the base circle radii, and b, + b, = a cos a = a cose. 
Equation [19] is the second base equation of the involute gears. 
(This is the same as the Equation [13] of the paper.) 
This new center distance is not equal to the sum of the stand- 
ard center distance plus the corrections, but less 


nae, 
DYE 


Cras 


aA~act DP 


a<a t+ 


This difference is very little, consequently for the calculations 
we must use seven-place logarithmic tables to get exact results. 
(The chart used by the author is only to five places.) 

Base Equations [18] and |19] herewith, are applicable, if we 
wish to cut corrected gears with the Fellows circular cutter. Of 
course in this case C, = 0, because the cutter is not corrected. 

The calculation of the author’s example will be as follows: 


10 Mechanical Engineer, New York, N. Y. 
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Additional Depth of Pinion: (Cutter 10 DP, « = 20°) 
N, = 10C, = 0.5 Pitch radius of pinion........ 0.5 in 
N. =40C, =0 Pitch radius of cutter........ 2.0 in 
Standard center distance..... 2.5 10) 
2X 0.5 X tan 20° % 
i = 20° = 0.0221838 
Inv ¢ 10 + 40 + inv 
A SP Reasy iGo)! 
4 cos 20° ‘ 
= 2.5 ——————__ = 2.54688 in. 
Be 03 22° 43’ 16.0" “ 
Coane 0.5 : 
—— = 2. — = 2.55000 in. 
a + DP 5 + 10 in 
Additional depth = difference = 0.00312 in. 
Additional Depth of Gear: 
N, = 30C, = —0.5 Pitch radius of gear........ Opin 
Pitch radius of cutter....... 2.0 in 
Standard center distance.... 3.5 in 
2 X (—0.5) X tan 20° ; 
i = ——— 20° = 0.0097049 
Inv ¢ 30 + 40 -+ inv 
Got) ile Spel OR ae 
cos 20° 


| a 8 446769 in, 
Z cos 17° 24’ 23.5" ‘ 


Cate 0.5 


iy 92 == DP Ss 


Additional depth = 


3.45000 in. 


difference = 0.003237 in. 


AUTHOR’S CLOSURE 


The author wishes to acknowledge with grateful appreciation 
the thoughtful comments and criticisms put forth by Messrs. 
de Jonge, Howell, and Vasvari in. their discussions. 

In pesnonee to Mr. de Jonge’s general statement ibe the 
concepts of “main belt length” and ‘‘main belt length-to-base 
circle (gamma) ratio” do not provide new facts on involute gears; 
it should be of interest to note that, in the author’s experience, 
these notions, which embody in a single specification the com- 
plete definition of the thickness of a gear tooth throughout its 
length, have enabled relatively inexperienced designers to grasp 
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more easily the intricacies of modified gearing. This has beey 
found to be especially true in dealing with such special design 
as “face,” “taper,” and off-standard internal-gear combinations 

It is recognized that the imaginative device of “belt length} 
is perhaps not needed by the expert gear designer (such as M 
de Jonge) who, as the result of long experience, has no difficult} 
in visualizing the implications of an alteration from standar 
proportions in terms of the involute-angle function. Also the 
belt method certainly is not intended to compete with tht 
highly specialized short-cut procedures used professionally foy 
problems often encountered in small tooth-number pinion alteras 
tion. But the ‘belt ratio’ has been found to promote mor 
rapid understanding of basic gear-meshing principles, particul 
larly in student training. To the engineer who does not specializ¢ 
in gear design, and only needs to apply himself occasionally te 
involute geometry, it is hoped that the “gamma ratio” will prot 
vide a common and simple basis for tackling all manner of sesh 
problems directly and with confidence. 

Mr. Howell has presented a strong argument for adoption ol} 
base pitch as a standard in gear specifications, which is mos} 
gratifying. The facts that conventional circular. (or diametral] 
pitch systems do not possess the necessary flexibility and causé 
unnecessary near duplication of form, tools, and standards, aré 
becoming increasingly plain to students of gearing. 

Mr. Howell’s criticism of the designation of sec ¢ by K (kappa 
as being confusing is acknowledged, but it is perhaps justified on 
the basis of short-hand simplification of notation. 

Mr. Vasvari has apparently misunderstood the meaning of thé 
author’s statement that pinion or gear must be cut to additiona: 
depth for operation on standard centers when generated by circula: 
cutters.’ There is a small theoretical difference involved, as M 
Vasvari has so ably demonstrated in his computations. Thid 
difference was ignored since it was known to be of less significaned 
than tolerable gear-cutting error, since the cutting pressure angles 
and the operating pressure angle are very near the same value 
and therefore extra cutting depth has almost exactly the same 
effect as difference in operating centers. 

The graphical chart will yield results uniformly within errors 
of 0.0001 in. per in., which makes unnecessary the use of seven: 
place tables for practical gear computations. The charts alsd 
eliminate the need for interpolation, which promotes speed in 
calculations. 


Film-Pressure Distribution in Grease- 
Lubricated Journal Bearings 


By GUNTHER COHN! ann JESS W. OREN? 


Measurements of the pressure developed in the load- 
carrying film of a grease-lubricated journal bearing show 
that grease can operate under hydrodynamic conditions. 
In a testing fixture, constructed for the purpose, the mag- 
nitude and the distribution of that pressure is investigated 
using a cup grease under conditions of copious feed. The 
graphical analysis of the results shows a grease dome simi- 
lar to that of oil, but flatter and extending over a larger arc. 


INTRODUCTION 


N the course of experimental work carried on at The Penn- 

sylvania State College, in co-operation with’ The Texas 

Company, it was established that a grease-lubricated journal 
bearing could, under certain conditions, operate in the fluid- 
film region with low coefficients of friction and low grease-feed 
rates. The results of this investigation and the early uses of 
grease are described in a forthcoming paper.’ 

While a theory of oil lubrication for journal bearings is well 
established and applied in design, knowledge of the mechanism 
of grease lubrication is limited and publications along this line 
are practically nonexistent. 

Briefly, lubrication analysis may be divided into three broad 
fields: those of (1) friction, which determines the power informa- 
tion; (2) running position, which establishes the minimum film 
thickness; and (8) pressure distribution, which defines the 
film outline. 

Falling into the last division, the investigation described in 
this paper was undertaken to determine whether a hydrodynamic 
pressure exists in a grease-lubricated journal bearing, and if so, 
to obtain its magnitude and distribution. 

The experimental results reported herein were obtained with a 
testing machine similar in principle and construction to that of 
S. A. and T. R. McKee. However, in this design the fixture 
has been made adaptable to lubrication by either oil or grease. 


DEscRIPTION OF APPARATUS 


A vertical steel shaft A containing a ground journal, 1 in. 
long, is attached to a drill-press arbor through a flexible coupling 
and is aligned by two steady bearings, Figs. 1 and 2. One of 
these is located in the top support bracket C, and the other in 
the base of the main frame of the fixture which is bolted to a spe- 
cial drill-press table. The bearing B, a 300-deg babbitt-lined 
brass shell, 2 in. long, is permitted to assume its own running 


1 Research Engineer, The Franklin Institute, Laboratories for 
Research and Development, Philadelphia, Pa. Jun. ASME. 
2 Research Engineer, Armstrong Cork Company, Lancaster, Pa. 
Jun. ASME. ’ 
3 “Grease Film Lubrication of Journal Bearings,” by L. J. Brad- 
ford and E. M. Barber. In preparation for publication at a later date. 
4 Pressure Distribution in Oil Films of Journal Bearings,” by 
8. A. and T. R. McKee, Trans. ASME, vol. 54, 1932, pp. 149-165. 
Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, New York, N. Y., November 
-28-December 3, 1948, of Tam American Socinty or MEcHANICAL 
ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-31. ; 


position. In order to confine the lubricant, oil seals are fastened 
to its top and bottom. 

A single pressure tap hole, 3/3. in. diam, in the middle of the 
bearing surface, is used for all pressure traverses. 

Circumferential traverses are made by rotating the bearing in 
a yoke ring D. As the load is applied to the yoke, its circumfer- 
ential point of application remains fixed. A stop prevents the 
yoke from turning, and the bearing is held in the desired posi- 
tion by tightening a set screw. For ease of rotation, the bearing 
rests on a Timken cone, the cup of which is held in a container 
provided with three leveling screws H. The angular bearing 
position is shown by a pointer Ff, which moves over a scale en- 
graved on the drill-press table. 

Longitudinal traverses are made by moving the journal past 
the pressure tap hole in the bearing. This is accomplished by 
means of the drill-press feeding mechanism which can be locked 
by a set screw. An indicator G, fastened to the testing fixture, 
points to a scale on the shaft which denotes the longitudinal 
position. The load is applied to a threaded rider H, which is 
moved axially by means of a lead screw, held by a fork fastened 
to the yoke ring... By this means mid-point loading is achieved 
at all times so that an axial bearing motion is simulated. The 
lead screw is used as a micrometer to obtain a particular setting. 
When once it is set, the friction in the threads holds the rider in 
position. 

Adjusted by a turnbuckle, a spring balance applies the load. 
The lubricant is fed through a street-ell into the top of a deep, 
60-deg channel which completes the bearing. Any excess, in 
the case of grease, is permitted to escape through a small vent 
at the bottom. 

Properties of the test lubricants are shown in Table 1. 

The pressure tap hole, at right angles to the axis of rotation, is 
plugged on the outside and an axial hole in the bearing shell 
connects with the gage through copper tubing. This is the ar- 
rangement used for tests with oil. In early tests with grease, a 
vaseline plug was used to separate the lubricant from the oil 
in the gage line. Later the tap hole was covered with a diaphragm 
with which steadier conditions were achieved. This necessitated 
a, balanced-pressure system because of the small deflection of the 
diaphragm. : 

The diaphragm is a rayon-enforced synthetic rubber, 0.02 in. 
thick. It is cut with a punch, cemented into the 1/,-in. enlarge- 
ment of the tap hole and held in place by a spacer. Finally, 
the hole is sealed and plugged. Flexible tubing, permitting 
bearing rotation, connects the axial hole to the stationary oil 
system, a series of valves, the measuring gage, a hand pump which 
supplies the back pressure, and an oil sump, Fig. 3. Great 
care in installing the diaphragm is required to prevent displace- 
ment of the disk or crushing of its edges. All lines in the oil 
system are carefully filled with oil. 


Trst CoNDITIONS AND PROCEDURE 


The various test conditions are listed in Table 2. When test- 
ing oil, the machine was assembled without the grease cup and 
with the vent plugged. Oil was introduced into the bearing until 
its level was above the journal. The pressure gage was con- 
nected directly to the bearing. After the axial location of the 
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A, Journal E, Leveling screws of bearing support 
B, Bearing F, Circumferential pointer 

C, Top-support bracket G, Axial position indicator 

D, Yoke ring H, Rider; point of load application 


Fie. 1 Trstina MacHiIne 


Fig. 2 Cutaway Section or Trestinc MacHInE 
(Parts are as designated in Fig. 1.) 
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journal and the point of application of the load were adjusted to 
the desired position, the machine was started and the load applied. 
Pressures were read at eleven longitudinal positions, 0.1 in. apart 
in the center of the bearing and 0.05 in. apart at the ends, des- 
ignating the locations as 0.05L, 0.1L, 0.2L, and so forth. The 
circumferential intervals varied depending upon the shape of the 
expected curve; the steeper the curve, the smaller the intervals. 
Sufficient pressures were recorded to plot a distribution curve, 
thus covering about 200 deg of bearing arc. Both circumferential 


TABLE 1 PROPERTIES OF TEST LUBRICANTS 


Grease: 

NLGI No. 2 grade ball and roller-bearing grease ‘ 
Calcium and sodium soap (per cent approx)........-.+++eeeeees 15 | 
Mineral oil (percent approx). + oc ecu tet ie siicrareneisiee etmeeaaeee ie 85 | 
Penetration at 77 F (ASTM) { 

A ifond << ee RIN ercr Om Dey atic Naac Hoa comGaoe oo 268 | 
Unworked Ae Se PCR Sea ee eta ta tone, ater ait ake ere atte erate tate n aint 256 | 
Dropping: point; deg Siawccs igeiaey eee Pe th Sore heer 296 

Values of extracted mineral oil 

Kinematic viscosity: (es'at LOO) Rie meee crcaies siete =n oro een tetera 52.8 
(cs at 210 F) re 6.54 

Specific gravity at.60/60 degihy. 22 eee eke cass « sve casts els steleisrers 0.9094 

Pour point, deg F......... AES a RE uae Os CO OA +20 | 

Oil: 

300-Sec viscosity paraffin oil _- 

Kinematic viscosity (€s:at LOO ER) vn cg ona. hye ort rcieials Minds a seve 52.7 
(GS REZIO Bes rT ye Beatie a rates area 6.54 
Speeificigravity.at.60/60 deg Bnse 21,2) -potcpetesoee exser nares eran 0.8973 
Pour point; deg, We cress cere eis cacetacisieee Clare eee Cre er oe ee +25 
Flash, :C:0.C.ndegil 2. ss2uitse tes Gee eee eee 413 
Hire, ClOs@s, Gack sais seat e creeine cece tal eee aac ene ee 463 
TABLE 2 TEST CONDITIONS 
Journal: nominal length = 1 in. 
nominal diameter = lin. 
Diametral 
Test Speed, clearance, Load, Lubricant, 
no rpm in, perin, “psi (see Table 1) 
uf 250 0.0082 40 Oil 
2 250 0.0082 40 Grease 
3 250 4 0.0071 40 Oil 
4 100 0.0071 40 Grease 
5 250 0.0071 40 Grease 
6 500 0.0071 40 Grease 
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and longitudinal changes in position could be made without 
stopping the machine. ° 

As even slight misalignments of journal and bearing caused 
unsymmetrical longitudinal distribution, leveling screws EZ, were 
added to the bearing support to obtain correct alignment. An 
oil test was performed, using the method described, taking spot 
readings at the 0.2L and the 0.8Z position. The bearing was 
then tilted by means of the leveling screws until as, nearly iden- 

~ tical curves as possible were obtained for the two locations. 

When operating with grease, the diaphragm was installed, the 
pressure system filled with oil, and the bearing packed with 
grease to prevent air pockets. The machine was then assembled 
with the grease cup in place and the vent open. Several cupfulls 
of grease were fed into the bearing and the load was applied after 
locations had been adjusted as for an oil test and the machine had 

_been started. With the bearing in a circumferential position of 
low pressure, the oil system was pumped up to a back pressure of 

-about 10 psi less than the expected film pressure. While the 
bearing was turned to the desired position, the gage read the back 
pressure until the film surpassed it. In other respects the testing 
procedure was the same as that for oil. 

The difference in physical properties of oil and grease necessi- 
tated the use of different methods of assuring a copious supply to 
the active bearing are. When oil is used, the journal is sub- 
merged, and the lubricant flows into the leading portion of the 
bearing angle by gravity and capillary action. In the case of 

' grease, the moving journal tears the adjacent film of, grease from 
the feeding channel and carries it into the active bearing arc, 
creating an empty space between the journal and the grease 
supply. To assure a copious feed, it was necessary to fill this 


space with lubricant as fast as the journal carried it away. This . 


was accomplished by continually pushing the, grease past the 
moving surface of the journal by manual operation of the grease 
cup and exuding the excess grease through the vent. 


PRESENTATION OF RESULTS 


Oil was tested in these experiments (1) to establish the func- 
tioning of the fixture, and (2) to obtain a basis for comparison 
with the grease. For proper comparison, the oil chosen has very 
similar properties to that extracted from the grease, Table 1. 
Fig. 4 shows the circumferential pressure distribution at the 0.5L 
location of an early test. This is a typical oil curve which checks 

with the fluid-film theory of a finite bearing and with the results 
found by McKee.? 
rise to a large positive peak, then a rapid drop to a slight nega- 
tive peak, thus establishing the proper functioning of the machine. 
A combination gage, —8 to +20 psi, was used to obtain the low 
points. 
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Fig. 4 shows that grease develops a hydrodynamic film, the 
pressure distribution of which is similar to that of the oil. This 
traverse was taken with a vaseline plug instead of the diaphragm 
and with mechanical alignment only, which accounts for the 
difference in circumferential location of the pressure peaks. 

A complete comparative study of oil and grease at 250 rpm is 
shown in Fig. 5. Actual test points are plotted in the circum- 
ferential pressure curves A, obtained by using the diaphragm- 
back pressure method under copious lubrication. Negative 
pressures were not obtained since only one gage (0 to 200 psi) 
was used throughout. It was felt that this would not detract 
from the value of the results, as the investigation is primarily 
a test of grease. All curves rise slowly to a peak at the “‘off” 
side of the line of application of the load and then fall off more 
rapidly. The grease curves are lower and extend over a greater 
are but are similar in shape to the oil curves, namely, skewed sine 
curves. The maximum pressure with oil is about 31/2 times the 
applied load, or about 21/, times the load with grease at a bearing 
temperature of approximately 75 F. All pressure peaks fall at an 
angle of about 110 deg, proving proper alignment of journal and 
bearing. 

Curves B are the cross-plots against bearing length LZ, chosen 
at various intervals which depended upon the rate of change of 
curvature of the pressure-distribution plots. The most striking 
difference between the oil and the grease may be observed at 
the position at right angles to the line of action of the load where 
the grease curves are much higher, indicating that grease has less 
end leakage than oil. The arrangement of the longitudinal 
curves about the median plane of the journal (0.5L) can be seen 
in the curves of average pressure C. Here the 0.12 curve is 
plotted from the average points of the 0.1L and 0.9L location, 
and so forth. 

For a check with the applied load, curves D were plotted by 
integrating the longitudinal curves and plotting the mean pres- 
sure thus obtained at the angular positions projected on the di- 
ameter at right angles to the line of action of the load. In the 
case of grease there is a good correlation but in the case of oil, 
the value obtained by integrating is low (88 per cent.of the applied 
load). This is due to the failure to measure the negative pres- 
sure which helps carry the load and the inability of the gage to 
record low pressures accurately. A better check was obtained 
with the early oil curves of which the 0.5L plot is shown in Fig. 4. 

A series of tests were made at 100 and 500 rpm in addition to 
that at 250 rpm so as to study the effect of speed upon pressure 
Curves from the 0.05Z to the 0.5Z loca- 
tion are plotted in Fig. 6.5 The most apparent effect is a decrease 
in the leading-edge angle and an increase in the trailing-edge angle 
of the film as the speed increases. This phenomenon agrees with 
that found by other investigators with oil. No significant 
changes in magnitude or position of the pressure peak were 
found when operating with grease. In their study of oil, S. A. 
and T. R. McKee? found that the maximum pressure increased 
with an increase of speed. Here it can be seen that speed has very 
little effect upon the pressure distribution in a grease film. 

The curves of integrated pressure for the three speeds are 
shown in Fig. 7. 


SUMMARY 


The validity of the results obtained on this fixture was estab- 
lished in tests made with oil as a lubricant. With grease it was 
desired to determine whether a hydrodynamic pressure exists 


5 Detailed test data are given in the theses by the authors (refer 
to ‘‘Acknowledgments’’). 

6 “The Prediction of Bearing Performance,” Lubrication Magazine, 
The Texas Company, New York, N. Y., vol. 18, December, 1932, pp. 
133-144. 
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(Grease; clearance 0.0071 in. perin.; load 40 psi; speeds 100, 250, 500 rpm.) 


in the film of a journal bearing and to determine its magnitude 
and distribution. It has been shown that such a pressure exists. 

The distribution and the magnitude of the pressures is shown 
in the various figures. Proper alignment of the bearing has been 
proved by the alignment of the peak pressures at the “‘off”’ side of 
the bearing and the symmetry of the curves about the median 
plane of the journal. A diaphragm-back pressure method was 
used successfully, and the method of a copious grease supply gave 
consistent and correct readings, as shown by the integrated check 
plots. The curves obtained with grease are similar to those with 
oil and therefore substantiate a fluid-film operation. ‘ 

The results obtained in this investigation apply only to the 
conditions mentioned, in particular to a cup grease under copious 
feed. 

CONCLUSIONS 

From the results of this investigation, the following conclu- 
sions are drawn: 

1 Grease can operate under hydrodynamic conditions. 

2 Curves of pressure distribution of the grease film are flatter 
and extend over a greater arc than those of a comparable oil, 
showing that grease has less end leakage. 

3 Speed affects the pressure distribution by shifting both 
leading and trailing edges of the grease film, but has little other 

_ effect. 

The authors hope that these experiments will be of use as a 
basis for scientific analysis and will lead in time to a development 
of a theory of grease lubrication. 
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Discussion 


Mayo D. Hersny.’? A few notes on plastic lubrication have 
been published by A. G. M. Michell® and the writer.? Michell 
concluded that the performance of a grease-lubricated bearing 
would be similar to that of an oil-lubricated bearing but “Jess 
efficient.” The yield-shear stress of the grease would oppose the 
motion with a force of constant magnitude in addition to the hy- 
drodynamic stresses. The writer’s study, based upon dimen- 
sional analysis, was prompted by his experiments of an early date 
at the Massachusetts Institute of Technology. Tests using a 
plastic lubricant gave an apparent intercept of 0.015 on the co- 
efficient-of-friction axis, as compared with 0.002, using Newtonian 
oils. Both types of lubricants gave the same slope when plotting 
against Z/NP, where Z is the mobility reciprocal, N the speed, 
and P the load. 

The authors’ observations on film pressure are of special value 
in supplementing von Schroeter’s experiments,!° which were 
limited to friction measurements. Their discovery that the pres- 
sure distribution differs from that in an oil-lubricated bearing 
does not seem to confirm Michell’s theory, and thus invites tenta- 
tive explanations. Do the authors find that the film remains 
uniformly plastic or that the oil separates out? Would it be 
possible to identify their grease more completely by giving ap- 
proximate values for its yield-shear stress and mobility, as von 
Schroeter did? Or better still, determining its true rate-of-shear 
against shear-stress curve by the Weissenberg-Rabinowitsch 
method, as done by Norton, Knott, and Muenger,! and by Blott 
and Samuel.!2_ It is to be hoped that this interesting paper may 
form, just one part of a more comprehensive investigation. 


P. M. Srarrorp.'’ The authors have established the ap- 
plicability of the hydrodynamic-film principle to grease-lubricated 
journal bearings with copious feed. This fact may be considered 
an intermediate step in an attempt to determine the suitability 
of grease as a lubricant for journal-bearing applications. It ap- 
pears that the tests were made under condition of low speed and 
very light load. 

Indications are that more stringent operating conditions, par- 
ticularly high-speed operation would result in higher working 
temperatures than for corresponding oil-film lubrication, and the 
problem of heat dissipation is further aggravated by the inherent 
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lack of fluidity of the grease, compared with even the higher vis- 
cosity oils. 

There is no indication of comparative surface condition of the 
mating surfaces for oil and grease lubrication and the writer 
understands from the authors that the duration of the test was 
not sufficient to make such observations. Comparative figures of 
wear for various operating conditions and degree of surface finish 
could be obtained in the same series of tests. Sommerfeld’s 
curve relating the coefficient of friction to a combination of vis- 
cosity, spéed, load, and clearance ratio would be expected to hold. 
The lower the viscosity of the grease and the larger the radial 
clearance—which, presumably is required—the greater will be 
the reduction of Sommerfeld’s constant, thus reducing the co- 
efficient of friction in the stable zone, but increasing it very rap- 
idly in the boundary zone. 

Being fully aware of the fact that the authors have limited 
their study to the film-pressure distribution, the writer suggests 
that the points mentioned are sufficiently important to be in- 
cluded in subsequent investigations, thus presenting a more com- 
plete picture of the problem at hand. 

The writer shares the authors’ hope that their experiment may 
be used as a basis for a scientific analysis of the problems in- 
volved, but, rather than leading to a theory of grease lubrication, 
it is suggested that the existing theory of hydrodynamic-film 
lubrication can be extended to cover grease lubrication. 


AuTHORS’ CLOSURE 


It is very gratifying that Messrs. Hersey and Stafford agree with 
the authors’ position that this preliminary investigation should be 
followed up by a more extensive study. The several suggestions 
for further parameters are appreciated. 

Fig. 8 of this closure shows the “apparent” rate-of-shear against 
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shear-stress curve.!8 The rate is “apparent” because of the |} 
“plug” effect which exists in the capillary-flow-type viscosim- | 
eter. While the film did not remain uniformly plastic, measure- 
ments were not made to determine whether or not the oil separa- | 
tion exceeded that found in the fresh grease. 

Since the coefficient of friction was not measured, Michell’s | 
statement pertaining to efficiency will not be considered. Fur- | 
thermore, his theory of identical film-pressure distribution for oil | 
and grease presupposes the same viscosity. When tested, these 
two lubricants undoubtedly operated at different viscosities as 
there was no provision for the control of film temperature. 

No attempt has been made to analyze the results of this funda- 
mental study. It is hoped that a future paper will correlate 
experiment. with the theory of grease lubrication in detail. 


14 From data supplied by The Texas Company. 


Viscosities and Densities of Lubricating 


Fluids From —40 to 700 F 


By C. M. MURPHY,! J. B. ROMANS,? anv W. A. ZISMAN? 


The viscosities and densities of a large group of high- 
boiling synthetic and petroleum fluids were investigated 
over a wide range of temperatures. These were selected 
because of their promise for use at extreme temperatures 
or their ability to supply fundamental data for viscometry 
and lubrication. The variation of density with tempera- 
ture was practically linear over the range investigated. 

«The ASTM viscosity-temperature chart, extended from 
—100 to 700 F for this work, proved very satisfactory for 
analysis of the data obtained. Deviations from linearity 
at the extreme temperatures were studied and classified 
and nearly all could be explained on the basis of certain 
physical or chemical transformations shown to occur at 
the extreme temperatures The linear portions of the 
graphs are explained qualitatively in terms of the ability 
of many types of linear molecules to coil as helices. Con- 
vexity at high temperatures is believed general, caused by 
the disappearance of the helical ‘configuration under con- 
ditions of violent thermal] agitation. 


INTRODUCTION 


HE viscosity is generally considered the most important 

single characteristic of a lubricating fluid. There is a 

dearth of information as to the viscosities of petroleum 
and. synthetic oils at high temperatures such as may be en- 
countered in gas turbines and turbojet engines. Without such 
data it is impossible to ascertain the reliability of the many 
empirical or theoretical equations proposed for relating viscosity 
with temperature. 

Controversy exists as to whether the absolute viscosity 7, or 
the kinematic viscosity (u = n/p, where p = density) of a lubri- 
cant is the more significant in many applications. Since at ordin- 
ary temperatures the densities of a large number of petroleum oils 
do not differ greatly from unity, their kinematic and absolute 
viscosities do not differ significantly. Because the density of 
fluids usually decreases with increasing temperature, the dif- 
ference in magnitude between the kinematic and absolute vis- 
cosities of petroleum oils may be considerable at high tempera- 
tures, and even greater differences will be observed in denser 

- fluids such as perfluorocarbons. Furthermore, since the tem- 
perature coefficients of viscosity and density are not comparable, 
the coefficients of the absolute and kinematic viscosities may be 
very different. 

Fiurps INVES®IGATED 


A variety of synthetic and conventional mineral-base oils were 
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* of aromaticity (5) are DC 550, DC 703, and DC 702. 


studied over the temperature range of —40 to 700 F. The sili- 
cones studied include commercial samples of the polymethyl-, 
polyethyl-, and poly(methyl-phenyl) siloxanes (1, 2, 3, 4).4 The 
poly(methyl-phenyl) siloxanes arranged in the increasing order 
Infrared 
spectra of the DC 710 fluid have not been obtained, but from 
other properties it is believed to have a higher phenyl to methyl 
ratio than DC 550. 

The polymeric ethylene glycols were obtained from Carbide 
and Carbon Chemicals Corporation (6), and the polymers of 
1, 2-propanediol from the Dow Chemical Company (7). The 
latter glycols have methyl] branches, while the former have not. 
Similar polymers are the ‘“Ucon”’ fluids (8, 9, 10, 11, 12), the LB 
series fluids being derivatives of 1, 2-propanedioly while the 
HB series is derived from copolymers of ethylene glycol and 1, 2- 
propanediol. . Measurements on the Ucon fluids were made 
with and without the recommended antioxidant, 

Petroleum oils of high and low viscosity index (VI) were also 
studied. The low VI oils (Navy Symbol 2135 and-2250) (13) 
were procured from the Socony-Vacuum Oil Company and The 
Texas Company, respectively, and the high VI oils (Grades 1065 
and 1120 of Specification AN-O-8) (14) from The Texas Com- 
pany. Diester oils were represented by the n-butyl, 2-ethyl- 
hexyl and 1-methyl-4-ethyloctyl (or undecyl) esters of sebacic 
acid (15). A fraction of a fully fluorinated petroleum oil (desig- 
nated as Fluord Lubricant FCD-331), which has a boiling range 
of 266 to 302 F at 10 mm (16), was procured from E. I. du Pont 
de Nemours & Company. Two polymers of monochlorotrifluoro- 
ethylene (17, 18, 19, 20) (designated as Fluorolube-Standard 
and Fluorolube-Light Grease) were obtained from Hooker Elec- 
trochemical Company. 


EXPERIMENTAL Merruops 


In order to minimize difficulties with nonreproducibility at 
high temperatures, all of the fluids were stripped of volatiles by 
passing them dropwise from a reservoir through a 2-cm-diam 
glass column filled to a height of 50 cm with glass helices. The 
column was maintained at 220 F, and the pressure within the 
system was 5 mm mercury. A countercurrent of dry carbon 
dioxide swept the volatile products from the system into a trap 
immersed in a dry ice acetone mixture. Because of excessive vola- 
tility it was necessary to strip the halocarbons at 165 F. Sev- 
eral of the silicones were slightly turbid as received and were 
clarified with activated Fuller’s earth. é 

Densities were determined in a dilatometer of approximately 
12 cc capacity made by sealing to a small Erlenmeyer flask a 
precision-bore capillary of approximately 2.25 mm diam. Cali- 
brations were made at 77 F with mercury, and all weights in air 
were reduced to weights in vacuo (21). At the other tempera- 
tures from —40 to 700 F, the volumes were calculated from the 
coefficient of cubical expansion of ‘‘Pyrex”’ glass (5.33 X 1078/- 
deg F). An excess of the fluid to be investigated was introduced 
into the reservoir, the system was evacuated to a pressure of 5 
mm of mercury, and the oil was heated to facilitate the removal 


. 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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of dissolved and entrained air. When foaming stopped, the 
reservoir was inverted and the dilatometer filled with the liquid 
to a height which would insure oil being in the capillary at the 
lowest temperature. Runs on all fluids were begun at the lowest 
temperatures to reduce drainage errors -to a minimum at the 
higher temperatures. Determinations were made at increasing 
temperature increments until there was evidence of decomposition 
or the vapor pressure was so great that liquid condensed on the 
cooler parts of the capillary. Densities were calculated from the 
weight of the fluid in vacuo, and the values for intermediate 
temperatures were obtained by graphical interpolation. 

All kinematic viscosities were determined in Cannon-Fenske 
modified Ostwald type viscometers according to ASTM Method 


D 445-46T (22), and Federal Standard Method 30.5 (23). -Con- ° 


ventional water thermostats which maintained the bath tem- 
perature within + 0.05 deg F of the desired temperature were 
used over the range of 77 F to 210 F. The low-temperature 
determinations were made in a Precision Scientific Company 
bath using ‘Methyl Cellosolve” for the bath liquid and dry 
ice as the coolant. The temperature, controlled within +0.05 
deg F, was measured by the emf from a calibrated 6-junction 
thermopile. The high-temperature bath was made of Pyrex 
glass, insulated with 2 in. of glass-fiber eloth, while the bath 
liquid was DC 550 silicone fluid. Two double windows per- 
mitted observation of the instruments. Except for the use of 
a 3-junction iron-constantan thermopile, the same temperature- 
measuring and control system was used. P 

Each viscometer was calibrated at 100 F with two reference 
fluids obtained from the National Bureau of Standards, and the 
calibration constants agreed within 0.1 per cent. As the vis- 
cometers were filled at room temperature it was necessary to 
apply a temperature correction factor for tests at other tempera- 
tures, since the hydrostatic head of liquid will vary with the 
temperature and the coefficient of expansion of the liquid (22, 23). 
The temperature correction factors were calculated for each 
temperature interval, and the values are given in Table 1. From 
—40 to 210 F the factoys agreed within 0.1 per cent for all fluids, 
but divergence occurred at higher temperatures. Petroleum 
oils had the smallest and halocarbons the greatest temperature 
correction factors. 


TABLE 1 TEMPERATURE CORRECTION FACTORS 


Ucons 
Petro- and Silicones Fluoro-.  Fluoro 
Temp, leum poly- an ube -lubricant 
deg F oils glycols diesters standard FCD-331 
—40 1.006 1.005 _ 1.006 sat =: 
—20 1.005 1.005 1.005 Ae ae 
0 1.004 1.004 1.004 < ve 
32 1.003 1.003 1.002 1.003 1.003 
“re 1.001 1.001 1.001 1.001 1.001 
210 0.995 0.995 0.995 0.994 0.994 
250 0.993 0.993 0.993 0.992 0.991 
300 0.991 0.990 0.990 0.989 0.988 
350 0.989 0.988 0.987 0.986 0.984 
400 0.986 0.985 0.984 0.983 0.980 
450 0.984 0.982 0.981 0.979 0.976 
500 0.981 0.979 0.977 0.975 0.970 
550 0.978 0.975 0.974 y. fs 
600 0.975 0.972 0.970 
650 0.972 Hee 0.967 
700 0.967 0.963 


The calibration constant is also slightly affected by the surface 
tension of liquids, and it is necessary to apply a correction for the 
differences in effective head caused by differences in surface ten- 
sion (23). Barr (24) has discussed the surface-tension correc- 
tions and has shown that a correction factor for the change in 
head due to capillarity must be applied for any but small capillar- 
ies. The correction factor depends on the form of the meniscus. 
The petroleum calibrating liquids had surface tensions of 31.5 + 1 
dynes per cm at 77 F, Ucon fluids and the polyglycols had 
values of 30 to 32 dynes per cm, and the diesters had values of 
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29 to 30 dynes per cm. However, the densities of these liquids 
are all sufficiently close to unity to make the surface-tension cor- 
rections less than 0.1 per cent. 

It is well known that the surface tensions of most liquids vary 
linearly with the temperature until close to the critical tempera- 
ture (25). Winchester and Reber (26) found that the tem-| 
perature coefficient of surface tension of several petroleum oils be-| 
tween 180 and 600 F was constant, the average value being 0.033 | 
dynes/cem/deg F, and the maximum variation from the mean was | 
0.0017 dynes/em/deg F. Unpublished investigations of the 
authors’ laboratory, reveal that temperature coefficients of sur-| 
face tension of the Ucons, polyglycols, and diesters are approxi-| 
mately 0.03 dynes/em/deg F. Differences between the surface | 
tensions of the petroleum oils and the fluids mentioned will re- 
main practically constant since the surface tensions are decreas-| 
ing at the same rate. Corrections due to surface-tension differ- | 
ences, therefore, will become even smaller at the elevated tem- 
peratures. 

Surface tensions of the other fluids investigated, at 77 F', were | 
approximately 23 dynes per cm for the halocarbons, 19.5-21.0 | 
for the polymethylsiloxanes, 23 to 25 for the polyethylsiloxanes, 
and from 20 to 26 for the poly(methyl-phenyl) siloxanes (5), 
depending upon the phenyl to methyl ratio. Correcting for the 
meniscus, the surface-tension corrections become 0.2 to 0.4 per 
cent for the silicones and halocarbons, the latter having the largest 
values. As the temperature coefficients of surface tension (5) 
are approximately 0.037/deg F for polymethylsiloxanes, 0.036/- | 
deg F for polyethylsiloxanes, 0.044/deg F for the poly(methyl- 
phenyl) siloxanes, and 0.027/deg F for the halocarbons, appro- 
priate corrections can be made at temperatures other than 77 F. 
The coefficients of surface tension with temperature of the halo- 
carbons were not linear, and it is possible that other fluids also 
deviated from linearity at high temperatures. This would not | 
introduce an appreciable error in’ the calculated corrections as 
the differences in surface tension become smaller at the elevated 
temperatures. i 

Viscosities were determined at —40, —20, 0, 32, 100, 130, 210, 
250 F, and at 50-deg F increments thereafter up to temperatures | 
where reproducible results could not be obtained. Above 400 
F it was impossible to obtain efflux times reproducible within 
0.2 per cent with some fluids. Viscometers were selected so that 
the kinetic energy corrections were negligible except at very high 
temperatures, where some of the fluids had efflux times less than 
the minimum (23). In order to minimize the effect of atmos- 
pheric oxygen, the bath was blanketed with carbon dioxide, dis- 
charged from a funnel inverted over the top of the bath, thus per- 
mitting the viscometers to breathe an inert atmosphere. Prior 
to filling, the viscometers were swept out with carbon dioxide. 


Discussion oF RESULTS 


Densities. The densities of the fluids investigated are accurate 
to +0.1 per cent and are arranged in Table 2 in order of increas-_ 
ing viscosities for each group of homologous fluids. Graphs of the | 
density-temperature data can be fitted to straight lines without 
an error of over 0.2 per cent for the range of temperatures given 
in the second from the last column, and the resulting slope 
—l[(dp) /(dt)] X 104 is given in the preceding column. The 
cubical coefficient of expansion at 77 F was calculated from 
(dp) /(dt) and the density at 77 F. 

Except for the halocarbons the density-temperature graphs 
deviate from linearity only very slightly at the extreme tempera- 
tures. The graph for Fluoro Lubricant FCD-331 is not linear 
anywhere, but the two polymers of trifluoromonochlorethylene 
behaved linearly up to 300 and 450 F, respectively. In general, 
(dp) /(dt) and the cubical coefficient of expansion decrease as the 
viscosity increases in any homologous series of fluids. The latter 
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TABLE 2 DENSITIES OF FLUIDS e 


rr 


Coefficient ¥ 


Densit Grams/ec. at °F Applicable of Expansi 
Identification ~=40 ZZ 210 550 = (ap/at)x19+ Honed: ORE x to4 ci 


SILICONES 


Polymethylsiloxanes 
DC 500 "al ALS Onuit Cl OSf0) 0.3886 0.720 4.86 32 to 600 55 LA 
DC 500 "BI! 1.022 Onooe 0.898 0.737 4.74 32 to 600 4.93 
DC 500 "cr 1.026 0.965 0.902 0.743 4.71 32 to 600 4.88 
DC 200 "Dp" 1.030 0.969 0.906 0.749 4.67 32 to 600 4,82 
DC 200 "BE! LORE OF 970 0.908 O67 52 4.65 32 to 600 4.79 
Polyethylsiloxanes 
DC 400 "A" 15003 02952... 02895 ..00792e, 4.31 -40 to 450 4.53 
DC 400 "Cc" 1.042 0.994 0.941 0.825¢ 4,02 -40 to 500 4.04 
Poly (methyl-phenyl)siloxanes 
De 702 Heo Ze OPE 1.008 0.845 4.74 O to 500 4.43 
DC 703 ee Date Oows 1.022 0.869 4.52 - 0 to 500 4.18 
DC 710 1.125b 1.092 087 0.898 4.13 ON toN55O 3.78 
DC 550 1,.104b 1.070 1.016 0.876 4.09 77 to 600 3.82 
POLYALKYLENE GLYCOLS AND DERIVATIVES 
Polyethylene Glycols 
Polyethylene Glycol 200 1.175a 1.122 1.062 0.895 4.50 -40 to 300 4.01 
Carbawax 1000 1.0984 1.064 0.937f 4.33 130 to 400 3294 
Polypropylene Glycols 
Polyglycol P=400 2.053a 1.007 0.945 0.784 4.69 -20 to 400 4.66 
Polyglycol P=750 12047a 1.004" 0.945 05794 4.44 -20 to 550 4.42 
Polyglycol P-1200 1.045a 1.002 0.944 0.798 4.33 -20 to 550 4.32 
Polypropylene Glycol Derivatives 
Ucon LB-100 1.022 0.970 0.911 0.762 4.41 -40 to 550 255 
Ucon LB-100-X 150270097 0g Oepny —a0< 707 4.41 -40 to 550 4.52 
Ucon LB-250 Hro22 - 0.9925" 0-935 © 10.790 4.25 0 to 550 4,28 
Ucon LB-250-X 1.048 0.996 0.939 0.794 4.27 0 to 550 4.29 
Ucon LB-550-X 1.037b 0.994 0.939 0.797 4.19 “79601550 4.22 
Poly(ethylene-propylene) Glycol Derivatives 
Ucon HB~100-X TOFD ge slsOlL7Zaum OF950 90.805 4.47 -40 to 450 4.40 
Ucon HB-260 1.0664 1.03 0.976 0.828 4.34 32 to 550 4,20 
Ucon HB-260-X 1,.090a 1.03 0.979 0.830 4.36 32 to. 550 4,21 
Ucon HB~600-X W099 5a 1.051! 0.994 0.849 4,27 THE Ado) 5532) 4.06 
PETROLEUM OILS 
Navy Symbol 2135 0.937b 0-909 - 0.861- . 0.736 3.64 0 to 500 4.00 
Navy Symbol 2250 0.954c 0.937 0.890 0.765 Bom 32 to 500 3.85 
Grade 1065. 0.890c 0.874 0.828 0.709 3.49 8250 550 3.99 
Grade 114 0.903c 0.887 0.841 0.72 3.44 32 to 700 3.88 
DIESTER OILS 
Di(n-butyl) sebacate ©.950c 0.932 0.874 0.722 4.35 32 to 450 4.67 
Di(2-ethylhexyl) sebacate 0.962 0.91 0.860 0.719 4.09 -40 to 500 4.48 
Di(undecvl) sebacate 0.942 0.89 0.844 0.708 3.92 -40 to 450 4.38 
HALOCARBONS 
Fluoro Lubricant FCD-331 PH0CSC 2.040. e903  Ledolt 11,15 (g) 5047 
Fluorolube - Standard 1.994¢ 1.953 1.832 So OL 9.07 32 to 300 4,64 
Flaorolube - Light Grease 1.975d 1.898 1.594 8.91 130 to 450 4.51 


a - Density at -20°F, e - Density at 450°R, 

b- Density at OF. f - Density at 500°F, 

¢ - Density at 32°F. g - Average value; graph curves 
ad = Density at 130 F. 


* At77 F. 
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is highest for the Fluoro Lubricant FCD-331 and the polymethyl- 
siloxane of lowest viscosity, and it is least for the petroleum oils 
and the most aromatic silicones. : 

The densities of the diesters agree within the limits set by the 
lesser accuracy of our earlier work (15), while those for the sili- 
cones and polyglycols and derivatives agree well over the com- 
parable temperature range with values already reported (4, 6, 
7, 9, 12, 27). The deviations from linearity of the density versus 


temperature graphs obtained with the petroleum oils are not. 


necessarily in contradiction to the results reported by Winchester 
and Reber (26), since their oils were very viscous fractions having 
viscosities above 30 centipoises at 210 F. 

Kinematic Viscosities. Viscosities are given in Table 3, and 
all values reported from —40 to 400 F are believed accurate to 
within 0.2 per cent relative to the accepted value of water at 68 F 
(1.007 centistokes). At temperatures above 400 F, the viscosi- 
ties of some of the fluids were not reproducible with this precision 
and are so indicated by the number of significant figures in the 
value reported. : 

Due to gel formation and pyrolysis within the 30 to 40 min 
required for measurements, the viscosities of the polymethyl- 
siloxanes could not be determined accurately above 550 F. 

. Turbidity was noticed at 500 F, but it decreased as the fluid 
was cooled to room temperature. It became pronounced at 
550 F, and the phenomenon was not reversible since a slight 
turbidity was apparent when the fluid was cooled. Such tur- 
bidity effects are attributed to the precipitation of higher poly- 
mers formed at the high temperatures (28). Evidence that 
cracking took place (28) at 550 F was revealed by a 1 per cent 
decrease in the viscosity at 250 F. Polyethylsiloxanes A and 
C became cloudy at temperatures below zero, which is believed 
due to the precipitation of high polymers. Gel formation was 
evident at 450 F, while at 500 F it fouled the capillaries. The 
poly(methyl-phenyl) siloxanes become cloudy at 0 F, the tur- 
bidity increasing with the aromaticity. These fluids were the 
most heat-stable of the silicones, and it was possible to measure 
viscosities at 700 F on all but DC 710. No clouding at high 
temperatures was observed with any of these fluids, and only DC- 
710 formed gel below 700 F. 

A reversible color change was exhibited by the inhibited 
Ucon fluids which became marked at around 500 F. Around 
300 to 350 F viscosity decreases with time of 0.2 per cent to 0.3 
per cent were observed on the uninhibited Ucon fluids but this 
disappeared at higher temperatures. .The same effect was ob- 
served at about 50 deg F higher with the inhibited fluids. No 
difficulties with clouding or precipitation were encountered at 
low temperatures with glycols or Ucon fluids but vapor- 
locking difficulties limited going to higher temperatures. 

The petroleum oils caused lacquering above the liquid level at 
temperatures above 500 F, but it was possible to determine the 
viscosities at 700 F on all oils except Navy Symbol 2250 which 
vapor-locked at that temperature. None of the petroleum oils 
was studied below the cloud points. Dibutyl sebacate vapor- 
locked at 600 F as did the di(2-ethylhexyl) sebacate at 650 F. 
Diundecyl sebacate was changing chemically at 550 F, for the 
viscosity increased 1 per cent with each pass through*the vis- 
cometer. Nothing unusual occurred with these diesters at low 
temperatures. It was impossible to obtain viscosity measure- 
ments on Fluoro Lubricant FCD-331 above 500 F, because it 
vapor-locked in the viscometer. Fluorolube “Standard” and 
“Light Grease” decomposed at 550 F and 600 F, respectively, 
as evidenced by increases in times of efflux for each pass through 
the viscometer. 

Evans (29) investigated a number of equations relating the 
change of viscosity with temperature as applied to hydrocarbons 
and petroleum oils. He concluded that the three outstanding 
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equations were the ASTM equation, a modification of the An- 
drade and Silverman equation, and a modification of Batschin- 
ski’s equation. Though empirical, the ASTM equation fits the 
data for hydrocarbons with remarkable accuracy over the rather 
narrow temperature range investigated (32 to 212 F) and has only | 
two arbitrary constants. The other two equations, though hav- 
ing some theoretical justification, contain three arbitrary con- | 
stants, making them tedious and unwieldy to use. As a large |ff 
number of theoretical equations, attempting to relate viscosity | 
with temperature, refer to the absolute viscosity and contain a |j 
term which is a function of the molecular weight, they are not | 
readily adaptable for work with most lubricating fluids. 

The ASTM equation in the chart form of Method D 341-43 
(22) is used widely for estimating the viscosities of petroleum oils | 
at temperatures from 300 F to the cloud point, and it has been | 
used with success for synthetic oils such as silicones (4), Ucons — 
(12), and diesters (15). The well-known Walther equation is as 
follows 


log log (u +c) = AlogT+B 


where uw is the viscosity in centistokes, c is a constant which 
Walther evaluated for petroleum oil as 0.95, A and B are con- 
stants characteristic of each liquid, and 7 is the absolute tem- 
perature. The ASTM equation and chart differ only in that c 
is a constant varying from 0.75 at 0.4 centistokes to 0.6 at 1.5 
centistokes and above. The use of this equation in chart form 
obviates the necessity of determining the constants A and B. 

As the ASTM chart does not cover the temperature range 
of this investigation, it was necessary to combine the C and D 
charts to include the viscometric data and extend the range at 
both the high and low temperatures. Extended charts were 
printed on the same scale as the ASTM chart by the Nautical 
Chart Branch of the Coast and Geodetic Survey. 

Other choices of ¢ in the Walther equation have been made. 
Values varying from 0.6 to 0.95 have been introduced into the 
equation to extend: the viscosity range of the chart below 1 centi- 
stoke, while the particular value assigned was determined by the 
ability of the equation to predict the viscosity of the fluids of 
interest to the investigators. In general, the larger values of the 
constant c produce more linear graphs in the low-viscosity region. 
Objections to the choice of a varying term c by the ASTM in its 
chart (D841-39) have been raised. No difference in the dimen- 
sions of this chart and one based on a value of c equal to 0.6 can 
be observed above 1.5 centistokes, but below 1 centistoke the 
differences become increasingly great, and at 0.4 centistoke 
the latter chart extends to minus infinity. When c has a value of 
0.75, the dimensions of this chart do not differ significantly from 
that of the ASTM chart above 3 centistokes, but it is approxi- 
mately 16.5 per cent smaller over the range of 3 to 0.4 centistoke. 

The data from Table 3 were plotted on these extended ASTM 
charts, and the resulting curves will be found in Figs. 1 through 
4. Outstanding features of these graphs are listed and com- 
pared in Table 4 which also gives the approximate temperature 
limits for the essentially linear region of each graph. With the 
exception of Fluorolube-Standard the graphs of all fluids eare 
linear for a temperature interval varying from 140 to 450 F. In 
any homologous series of fluids this interval increases with the 
viscosity (or average molecular weight). In the. last column 
of Table 4 brief remarks are given covering the nature and 
amount of the deviation from linearity at the extremes of the 
curves. 

There is no curvature in the low-temperature region, and the 
graphs are convex at high temperatures for the polymethyl- 
siloxanes, petroleum oils, and diesters. This behavior of petro- 
leum oils at high temperatures agrees with the only available 
other work (30). The polyglycols and the lower-viscosity Ucon 
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TABLE 4 OUTSTANDING FEATURES OF VISCOSITY-TEMPERATURE GRAPHS 


a eee 


Viscosity 
CS. Straight Line Region ____ Curvature* At: 
Identification 100°F, From To Slope Low Temp,End High Temp, End 
SILICONES ! 
h iloxanes 
os Sone : 17211 --=40 100 0.374 None ’ Convex (vy) 
DC 500 "B!! 44.6 -40 210 0.288 None Convex (vy) 
DE. 500; “Cl 74d, -40 300 0.264 None Convex (med) 
DC 200 "Dp" 173.7 -40 400 0.225 None Convex (med) 
DC 200 "BE" 279. -40 AOON LO 207 None Convex (sl) _ 
Polyethylsiloxanes 
be 400 Wat ake Gwl () 130(-.40.503 Convex (sl) Convex (vy) 
- DC 400 "BK ah -40 300) 0.522 None Convex (sl) 
De 400 "Cc" 98.6 @) 350 0.449 Concave (sl)Convex (sl) 
Poly (methyl- heny1)siloxanes 
DG 702 17.29 100 2100) On 702 Coneave (s1)Convex (vy) 
DC 703 34.2 100 350 0,629 Concave (vy)Convex (vy) 
DC 710 12250 210 400 0.448 Concave (vy)Convex (vy? 
DC 550 95.4 00 400 0.441 Concave (sl)Convex (vy) 


POLYALKYLENE GLYCOLS AND DERIVATIVES 


Polyethylene Glycols ; 
-40 


Polyethylene Glycol 200 25.5 210 0.787  Coneave(med) Convex (s1) 
Carbowax 1000 Solid 130 250) O20 Convex (med) 
Polypropylene Glycols 
Polyglycol P-400 So) -20 300 ©60,852 None Convex (med) 
Polyglycol P-750 Baers: 100 50H) i Olewaeo) Concave(med)Convex (med) 
Polyglycol P-1200 73.4 130 400 0.609 Concave(med)Convex (sl) 
Polypropylene Glycol Derivatives : 
Ucon LB-100 19.59 32 350 0.744 Concave(sl) Convex (sl) 
Ucon LB-100-X 20.87 0) 400° 0.756 Coneave(sl) Convex (sl) 
Ucon LB-250 53.9 100 450: 2710..5:70 Céncave(med)Convex (med) 
Ucon LB-250=]X SAS) 100 500 0.582 Concave(med)Convex (s1) 
Ucon LB~550=X aa, 210 500) (02476 Concave(vy) Convex (sl) 
Bear ae arene cerneney glyco? Derivatives = 
con HB-100-X — 2 Ae 100 400 0.687 Concave(sl) Convex (sl) 
Deen feeds . 49.7 100 B10) | Oa FXO) Concave(med) None 
con ~ . Bes 3} 100 0) OAS Concave(med) None 
Ucon HB~600-X 134.2 210 500 0,449 Concave(vy) None 
PETROLEUM OILS 
Navy Symbol 2135 68.5 ) 300 0.830 Non 
e e =] c 
feu aarabes ance ee 5 300 01885 None Ganges ie 
206 300 0,685 None Convex (med) 
Grade 1120 359 32 350 0.662 None Convex (med) 
DESTER OILS 
Di(n=butyl)sebacate 6.10 2 * 210 
Be ne sclaee te 12.61 ae 300 Onai3 Nene concen 
; yl) sebacate 23.03 -40 300: | 0.719 None Convex (med) 
HALOCARBONS 
Fluoro Lub 
Wuerowine Seiaacea ae 86.9 neha BM Ceaventncds itches at 
Fluorolube-Light G Li 00 yaa yee CAN 
g Tease Solid 210 400(?7)0.939 Convex(med) Convex (a) 


* Vy = Very; Med = Medium; SI = slight. 
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fluids show both convexity at elevated and concavity at low tem- 
peratures. In any homologous series of fluids, increasing molec- 
ular weight or viscosity causes the convexity at high tempera- 
tures to decrease. The halocarbons are unique among the fluids 
studied in that their graphs are convex rather than concave at low 
temperatures. 

From the straight-line portion of each viscosity-temperature 
graph, the tangent has been calculated and is given as the ‘ ‘slope” 
in the fifth column of Table 4. The uniquely low slopes of the 
polymethylsiloxanes are evident here, as is the increase in the 
slope going from methyl to ethyl to het. side chains, this being 
analogous to the rule for hydrocarbons that the slope increases 
with the ratio of the cross-sectional diameter of the molecule to 
its length. Another example of this rule is shown by the in- 
creases in the slopes with aromaticity of the series of methyl- 
phenyl siloxane copolymers. Due to the presence of methyl 
side chains in*the polypropylene glycols, they have larger slopes 
than the polyethylene glycols of comparable viscosity. As the 
Ucon fluids are polymers of ethylene and/or propylene glycol, 
chain-stoppered at one end by a monohydric alcohol (10, 11), 
comparison with the analogous polyglycols of the same viscosities 
reveals they have much lower slopes (or higher VI) than would 
be expected from the increase in chain length caused by the chain 
stopper. It is obvious to assume that this improvement -is 
caused by the decrease in association or hydrogen bonding re- 
sulting from blocking of one OH at the end of the polyglycol. 

The addition of the Ucon antioxidant had little effect on the 
slope of the viscosity-temperature graph at the higher tempera- 
tures. At high temperatures the graphs of the LB and HB 
fluids having the same viscosity at 100 F became practically 
coincident. Relations between the molecular structures and 
the slopes (or VI) of diesters and petroleum oils have been dis- 
cussed previously (15). The aliphatic diesters and the high VI 
petroleum oils behave similarly over the entire temperature 
range. It is notable that the halocarbons had the highest slopes 
encountered. 

Tt is suggestive to treat the linear viscosity-temperature region 
of each fluid as a region of “more normal” or “more ideal’’ be- 
havior, and the regions of convexity or concavity as regions of 
“sbnormal’ behavior having their origin in the increasing 
prominence of some chemical or physical transformation pecu- 
liar to the particular class of liquids studied. Such an approach 
makes it necessary to learn more about the other properties of the 
fluid at extreme temperatures, and it is justifiable only if it is 
thereby possible to collate a diverse group of phenomena. Be- 
cause of the uniform gradation possible in all properties of the 
synthetic fluids like the silicones, Ucons, and diesters, their 
comparative study is especially valuable in such a connection. 

The convexity of the graphs at high temperatures cannot be 
explained by evaporation, cracking, or oxidation since these 
would cause much larger irreversible changes in the viscosities 
than were encountered. It is suggested that this is due to a sta- 
tistical uncoiling of long-chain molecules as the temperature 
rises due to the disorganizing effects of thermal agitation. This 
coiling is pronounced in the polymethylsiloxanes and is decreased 
by the number and size of the side chains as outlined earlier (5). 
In linear molecules with freedom of rotation about the chemical 
bonds in the main chain, coiling should be most pronounced the 
higher the molecular weight (and the higher the viscosity of the 
fluid). As high temperatures are approached, a more random 
distribution results, and the molecule exhausts its capacity to 
uncoil, with a resulting rapid dropping away from the “normal” 
straight line on the viscosity-temperature chart. The convexity 
occurs at lower temperatures for the lower members of any homolo- 
gous series. 

The point of deviation from linearity on the ASTM chart for 


- justification also makes this inappropriate here. 
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all the polymethylsiloxanes occurs at a viscosity of between 18 
and 20 centistokes. This unexpected regularity may be another 
manifestation of the uncoiling mechanism. The similar behavior 
with respect to curvature on the ASTM chart of high VI petro- 
leum oils, aliphatic diesters, and polyethylsiloxanes may be 
attributed to their essentially straight-chain and short-branched 
structure. At high temperatures the graphs of the highly aro- 
matic silicones are very convex, and this is probably due to 
the great hindrance offered to coiling by large phenyl groups. 
A similar situation holds with respect to the halocarbons, but 
here the cause is the large diameter of fluorine or chlorine atoms 
and the slightly shorter carbon-carbon bond distance becausé of 
which hindrance is created to free rotation about carbon to car- 
bon bonds. The exceptional behavior of the Ucon fluids at 
high temperatures may be caused by an increase in association 
at high temperatures resulting from the loss of hydrated water. 
This needs further study. 

At low temperatures the lack of concavity of the viscosity- 
temperature graphs of the polymethylsiloxanes, petroleum oils, 
and aliphatic diesters studied is to be considered evidence that 
no new phenomena are occurring such as precipitation, crystal- 
lization, or association. The slight curvature for the polyethyl- 
siloxanes can be associated with the precipitation of an insoluble 
fraction as reported earlier. Similarly, the concavity of the 
graphs for the poly(methyl-phenyl) siloxanes is also due to the 
precipitation of an insoluble fraction, and it is more pronounced 
the higher the aromaticity, due possibly to the van der Waal’s 
forces developing at low temperatures between adjacent phenyl 
groups of different polymer molecules. 

The viscosity data presented here when plotted, using the 
Walther equation with c = 0.6, gave graphs essentially the same 
as those on the ASTM chart, except that the convexity was 
greater in the low-viscosity region. , When c was chosen as 0.75, 
the convexity at low viscosities was less than on the ASTM 
chart. The linear portion of some of the graphs was extended 
to higher temperatures (notably the fluorecarbons), but in no 
case was the convexity eliminated at extremely high tempera- 
tures. By using the Walther equation as three constant equa- 
tions it is evident that c can be selected for each liquid so as to 
increase the range of linearity of the graph. The arbitrary intro- 
duction of the constant c,; having values greater than the vis- 
cosity of the liquids under investigation, would appear as an 
artificial means of obtaining linear graphs. Lack of theoretical 
The attempt 
to correlate convexity at high temperature on the ASTM chart 
with the properties of the liquids studied is probably mathe- 
matically equivalent to correlating such properties with the values 
of c. 

In Fig. 5 are some typical graphs made by plotting the absolute 
viscosities in centipoises on the extended ASTM chart. No 
particularly new features are revealed by these graphs, except 
that the linear region is shortened and the convexity at high 
temperatures is increased as the density of the fluid decreases 
from unity. Conversely, the graphs of the halocarbons whose 
densities exceed unity are straighter for longer temperature 
ranges and show less convexity at the high temperatures. These 
data were also plotted on a log n versus 1/7’ chart, but very curved 
graphs resulted for all fluids except the polymethyl siloxanes. 
Further study is being made of the applicability of other equa- 
tions for predicting ee viscosity-temperature characteristics of 
these fluids. 


CoNCLUSIONS 


It is shown that the deviations of the graphs from linearity on 
the modified ASTM viscosity-temperature chart can be given 
reasonable explanation based upon other physical and chemical 
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properties of the fluids. It is believed that any equation capa- 
ble of predicting the change of viscosity with temperature of a 
fluid over such a large temperature range will have to take -ac- 
count of the other physical and chemical changes which take 
place. The observed convexity at high temperatures appears 
general, and it has been found possible to present a qualitative 
explanation based on the idea of coiling of linear molecules and its 
disappearance under conditions of excessive thermal agitation. 
Data have been presented permitting better definition of the 
regions for which linearity can be safely assumed on the extended 
ASTM viscosity-temperature chart. Comparative data have 
been presented on the kinematic and absolute viscosities, densi- 
ties, and cubical coefficients of expansion as functions of tempera- 
ture over the entire useful range of the fluids investigated. Jt is 
pointed out that hindrances to rotation about carbon-carbon 
bonds may be responsible for the large decrease in viscosity 
index with halogenation of hydrocarbons. 
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Strength and Failure Characteristics of 
Metal Membranes in Circular Bulging 


By W. F. BROWN, JR.,! anp F. C. THOMPSON? 


Cireular hydraulic bulges were formed from a group of 
materials having widely varying strain-hardening rates. 
The complete development of the shapes and strain dis- 
tributions was determined experimentally, and the 
stress and radius of curvature at the pole were calculated 
as a function of the maximum strain. An analysis of the 
data revealed that strain gradients and, therefore, the 
bulge heights were influenced by the stress-strain char- 
acteristics of the metal. It was also found that the bulge 
contour was closely approximated by a sphere only at 
strains in the vicinity of the instability strain. Instability 
was exhibited by all materials having a sufficient ductility 
at strains varying from e; = —0.47 for 75S-O to«; = —0.64 
for annealed low-carbon steel. The phenomenon of in- 
stability was related to both the development of the shape 
and the strain distribution. The previously reported dif- 
ferential equation for instability in a circular bulge was 
found to yield strains which agreed with the maximum 
load strain and the instability strains derived from the 
analysis of the shape and strain distributions. These in- 
stability strains were not found to be simply related to the 
necking strains in uniaxial tension. The height and 
Maximum strains (forming limits) obtainable in bulg- 
ing were found to be greatly reduced by the presence of 
surface flaws or a large grain size. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


$1 = S2 = two principal stresses in plane of sheet 

$3; = principal stress acting perpendicular (normal) to plane of 
sheet 
1 . 

= /2 V/ (81 — So)? + (se — 83)? + (83 — 8i)2.. . effective 


a) 


stress 
€1, 2, €; = conventional principal strains in directions of corre- 
sponding principal stresses 
= In(1 + e) = natural strain 


= Va a tea + @ a) = 


strain 
R = radius of curvature at pole 
R’ = computed (average) radius of curvature for chord length L 
h = thickness of metal membrane at any point 
ho = initial thickness of metal membrane 


n 


effective 
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Metallurgy, Case Institute of Technology, Cleveland, Ohio. 
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p = hydraulic pressure 

L = chord length ; 

nm = strain-hardening exponent in generalized stress-strain 
function equal to necking strain in uniaxial tension 

H = height of bulge at pole : 


INTRODUCTION 


The load and geometrical conditions present in many structures 
subjected to underwater explosion or to the action of high hydro- 
static pressures are similar to those encountered when a metal 
membrane restricted at its periphery is deformed by means of 
a hydraulic pressure. Problems of a similar nature arise in the 
design of safety diaphragms used in the protection of pressure 
vessels. In addition, the study of such membranes offers the 
possibility of investigating the fundamentals of plastic flow and 
fracturing in a biaxial stress state. 

Circular membranes are, for reasons of symmetry, subjected 
to a state of balanced biaxial tension (s1 = 8). In a previous 
publication by Sachs and Lubahn (1),* a theory of tensional in- 
stability similar to that for the necking of a tensile test specimen 
(2) was extended to several other load and geometrical conditions, 
including a circular hydraulic bulge. In this analysis it was shown 
that instability in a circular bulge should occur at much higher 
strains than in a tensile test. These conceptions were verified by 
an experimental analysis of a hard-rolled and an annealed elec- 
trolytic-copper bulge in a previous publication by Sachs and 
Brown (8).4 It was shown that the instability was associated 
with a maximum in the pressure-strain curve, and that the in- 
stability strain could be derived from a suitable analysis of the 
development of the meridional strain distributions. 

The deformation characteristics of metal membranes have 
also been investigated by Gensamer and associates (4) and by 
Saibel (5). Gensamer investigated both circular and elliptical 
bulges of the aluminum alloy 248-T clad and 24S-O clad. Saibel 
attempted to develop an expression which for the circular bulge 
would yield the strain distribution in terms of the height at the 
pole and radius of the die. This analysis was then extended — 
using the condition of instability (1) to yield an expression for the 
instability strain in terms of the strain-hardening exponent n, of 
the generalized stress-strain relationship (6, 7) relating the effec- 
tive stress s, to the effective strain, ¢, (8) 


gs = A(e)" 


These results, however, do not appear to be in agreement with the 
experimental data presented in this paper, as will be discussed 
later. 

A considerable amount of experimental and theoretical work 
on circular bulging of large steel diaphragms has been carried out 
at the David Taylor Model Basin of the Navy Department. 
These results are described in recently declassified reports by 
Gleyzal (9, 10), Greenfield (11), and Mostow (12). However, 


3 Numbers in parentheses refer to the Bibliography at the end of 


the paper. 
4 These results have been added to many of the graphical repre- 
sentations in this paper and some additional data have been pre- 


sented for these materials. 
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this information was not available at the time this paper was pre- 
pared, 

Related to the problem discussed here are also some bursting 
tests on hemispherical shells by Marin and Wilson (13). How- 
ever, the data reported are not sufficient to permit an analysis of 
the shape, or to determine whether instability may have occurred. 

This investigation is an extension of the previous experimental 
work on circular bulges (3) to further analyze their shape and 
determine the effects of the metal strain-hardening character- 
istics. For several materials, the meridional strain distributions, 
the bulge contours, and the pressures were experimentally deter- 
mined. From these measurements the radii of curvature and the 
meridional stresses at the pole were computed. Both the strain 
distributions and the contours were analyzed to reveal whether 
or not the bulge exhibited an instability. In addition, the pre- 
viously developed instability equation was solved graphically 
using the calculated values of stress and radius of curvature at 
the pole. 

An experimental analysis of the type presented here yields 
many useful basic relations which will be the subject of later 
papers. Thus the energy to fracture may be determined from 
the pressure-strain and height-strain curves. This quantity is 
an important consideration in the resistance of a structure to the 
effects of underwater explosion. Also, as was previously pointed 
out (3), the stress-strain relation derived in circular bulging can 
be represented in such a manner that it is equivalent to the stress- 
strain relation in pure tension, but over a much wider range 
of strains than could be investigated by the conventional tensile 
or compression test, 

The analysis of the data presented here is being extended 
with the purpose of relating the stress distribution in a circular 
bulge to the strain-hardening constant of the particular material 
tested. It now appears that such an attack may yield the cor- 
rect strain distributions for the materials reported here, and, 
consequently, permit the instability strains to be calculated from 
the stress-strain relations in uniaxial tension. 

In this investigation the following assumptions were made re- 
garding conditions at the pole: 


1 The normal principal stress s3, is negligible compared with 
the principal stresses (s; = se) in the plane of the sheet. 

2 The effects of the edge conditions may be neglected. 

3 The bending stresses (due to the flexural rigidity of the 
sheet) are negligible compared with the tensile stresses. 

4 The material is isotropic, i.e., the ratio between the prin- 
cipal strains, @2/é, is unity during the entire deformation. 


MATERIAL AND PROCEDURE 


Five materials (Table 1) covering a wide range of stress-strain 
characteristics were investigated. All the alloys were tested in 
the ‘‘as-received” condition, with the exception of the annealed 
low-carbon steel. This steel (0.040 in. thickness) was available 
as 60 per cent cold-rolled sheet. The annealed condition was 
produced by holding at 1250 F for 2 hours, furnace-cooling to 
700 F, and then cooling to room temperature in still air.5 


® This heat-treatment should approximate a full commercial proc- 
ess anneal. 


TABLE 1 MATERIALS TESTED 


Initial sheet 


thickness, a —— Yieldtstrongth, psi———$———— a Teil h i a 
Material in, (0.001) Longitudinal 45 deg Transverse Average® L i Ge doe eee 
Aneated tines eo : rage’ ongitudinal 45 deg Transverse Average® 
ype 347 0.036 35500 35000 34500 35000 
Sime perp ta oe steel 8 Bae eth aeean 33200 32400 25700 atten read 48100 
is a 5 550 45600 48200 72500 69500 703 
248-O bare 0.041 15200 14700 14700 14900 35 rei A aen 
900 
75S-O bare 0.041 15200 15700 15000 15300 35400 35900 34800 3et00 


* Average of one test in each direction, i.e., longitudinal, transverse, and 45 degrees to rolling direction. 
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In addition, attempts were made to bulge the aluminum alloy 
52S-1/2H, 50 per cent cold-rolled low-carbon steel (0.050 in. | 
thickness) and 70 per cent cold-rolled low-carbon steel (0.030 in. 
thickness). However, for various reasons to be discussed later, 
these attempts were unsuccessful. 

Before testing, the (12 in. X 12 in.) bulging blanks were photo- 
gridded with a 20-line-to-the-inch net (14), the grid lines being | 
parallel and perpendicular to the rolling direction of the sheet. 

Tensile tests were made for all materials. For each alloy, | 
specimens were cut in the rolling direction, transverse, and at 
45 deg to the rolling direction. The average rate of straining in 
these tests was comparable to that in bulging. The conventional | 
yield strength® and tensile strength derived from an average of | 
tests in the three directions are reported in Table 1. 

The bulging equipment and the preparation of the gridded | 
specimen blank have been described in detail in previous papers | 
(3, 15). However, in this investigation a Riehle testing machine | 
was used to furnish oil to the bulging head at pressures up to 
3000 psi. The pendulum-type load-measuring device on this | 
machine was adapted to indicate the bulging pressure to +0.5 per | 
cent. When testing the stronger alloys, lead fuse wire (0.030 in. | 
diam) was used as a gasket between the specimen blank and ie i 
bulging head to prevent oil leakage past the studs. 

A complete experimental analysis consisted of determining the 
pressures, the distribution of meridional strains, and the contours 
at appropriate intervals of strain (at the pole) up to fracture. |] 
Strain and contour measurements were made in the transverse 
direction (90 deg to the rolling direction),’ using the same tech- 
niques described previously (3). All measurements were made |] 
after removal of the applied pressure. The strain distribution |[ 
after fracture was determined for all alloys except 24S-T. The jf 
many-branched fracture of 24S-T (15), interfered with strain |} 
measurements made after bursting. | 

In order to check the reproducibility of the results and the |f 
magnitude of possible material variations, pressure versus merid- ' 
ional-strain-at-the-pole curves were determined for an additional |} 
specimen of each material, Fig. 1. In general, the data obtained 
on the two specimens, and in the case of low-carbon steel on three || 
specimens, agreed quite well within the limits of experimental |} 
error. It should be pointed out in this respect that the agreement : 
of the pressure-strain data does not preclude the possibility of |} 
material variations having a significant effect on the distribution |} 
of strain and curvature. | 


REsuLtTs 


In this paper the data have been represented by the use of all 
“universal stress-strain relationship,” i.e., one which yields the }} 
same relation between some selected function of a principal stress | } 
and some selected function of a principal strain, for any || 
stress state considered. 


§ Tensile specimens were 3/4 in. in width and similar to those recom-| 
mended for sheet materials by the ASTM but possessing a longer || 
(5 in.) gage length. The conventional yield strength is that deter- || 
mined by the 0.20 per cent (plastic) strain-offset method. { 

7A certain degree of anisotropy of strain and shape was noted, ||| 
particularly for the annealed low-carbon steel, and these effects of || 
directionality will be considered in a subsequent investigation. i 


BROWN, JR., THOMPSON—METAL MEMBRANES IN CIRCULAR BULGING 


@ 74ST O-/ ANNEALED i 


O F407 6-23 STAINLESS STEKL ia + t 
ro} | | 
-_e o-—— ee x= | 


Se 


O32 >E,>270 | l | 
AT AX. LOAD 


2? 


Lo 


0) STRAIN MEASUCRED | 
APIER FRACTURE zy | 
igs Sa as | amd Ue | 


1 } awe: SS 


33 fever BARE 


MF If 


2 FEST O-L ANNEAL - 
(SLBA CE FLAN) £0 LOW 

OFS, CIRBON 
FEST O-F STLEL 


£2 


0 | 0. 
ae O35 > E> 032) | 
Agotex|s Be 
of ot 


& 

7 

fey x FEST 4-L 

T 

7 0 LOT Ke FSO SARE 
n 
O- 
/ = la 


1 = pe 
/ 
x 
T Terk 14) 
Eeraae 
! Let ret | 


\ 
8 


WVORANDLLIC PLP SSOP ~ L000 PSL 


G25 > E> O24 
7*1 AT AK LOAD, 


alma 


O FEST C-L ) 7I5O 
0 FEST 6-2 ) GARE 


AAKIIILST (TERLOIONAL STRAIN CC) 


Fic. 1 Pressure-StraIn Curves FoR CrircuLaR BULGING OF 


Various MATERIALS 


Of the several relations which have been proposed, the repre- 
sentation of twice the maximum shear stress 


= E z =| 
2 


‘decisive’’ stress, as a function of the greatest absolute natural 
strain, “decisive” strain, émax,8 is the most simple. This repre- 
sentation may lead to stress values which are in error by as much 
us 15 per cent for plane strain (s; = 2se, s; = 0). However, for 
the cases of balanced biaxial tension (s: = Se, s; = 0), considered 
xy the authors, this relationship yields the same function between 
she stresses and strains as would the use of the effective stress 
ind effective strain discussed by Dorn (8). Therefore, the data 
ave been represented in terms of the largest maximum stress, 
1 = S2 (equal to twice the maximum shear stress), and the great- 
st natural absolute strain, e; = —2e = —2e:. 

Since the stresses and strains are not uniformly distributed 
cross the contour, the instability equation previously developed 
3) is in terms of the maximum values of the decisive stress and 
lecisive strain. These occur at the pole and are referred to as 
he maximum meridional stress and maximum meridional strain, 
espectively. In the following discussion, unless otherwise noted, 
he stress and strain values referred to are those at the pole of the 
ulge. 

Pressure-Strain Relations. Plastic instability of a mechanical 
ystem is characterized by an increase in strain at constant or 
lecreasing load. Fig. 1 shows the pressure-strain relations for 
ulges of various alloys. It can be seen that a pronounced maxi- 
aum is present in the pressure-strain curves for stainless steel and 
»w-carbon steel; 75S-O bulges exhibited a constant load before 
racture; however, no decrease in load could be detected. Both 
4S-O and 24S-T bulges exhibited continuously increasing pres- 
ure to fracture. 


8 ¢is the natural strain = In(1 + e). 
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The instability strains (strains at maximum load) are difficult 
to determine accurately from these plots. However, the values 
as reported on the graphs varied from approximately « = 0.24 
for 75S-O to e = 0.33 for low-carbon steel. 

Strain Analysis. Figs. 2 and 3 illustrate the meridional strain 
distributions at a series of selected pressures. The strains at a 
given point are plotted against the original position of this point 
on the undeformed sheet. The strain distribution, measured after 
fracture, has been added to these figures, with the previously men- 
tioned exception of 24S-T. 

In general, the strain increases continuously from the die 
periphery to a maximum at the pole. However, the strain is not 
necessarily zero at the die edge (3 in. from the pole), since for 
the higher bulges an appreciable strain may occur over the radius 
of the die. 

For a particular material, the shape of the distribution curves 
varies considerably, depending on the magnitude of the strain. 
In general, the strain distributions become less uniform (steeper) 
with increasing strain at the pole. However, this change to 
higher strain gradients may not be continuous at the lower strains. 
Considering, for example, low-carbon steel, Fig. 2, the strain gra- 
dient becomes increasingly steeper until a strain at the pole of 
«1 = 0.08 is reached; however, the next distribution shown is 
nearly uniform. This cycle is repeated once more between a = 
0.095 and e, = 0.18; with further deformation the strain gradient 
increases continuously to fracture. 

In addition, it appears for most alloys that after a certain rela- 
tively high strain, increasing strains at the pole produce only a 
very small increase in strain at distances greater than approxi- 
mately 1 in. from the pole. 

Comparing the strain distributions for bulges of the various 
alloys, it is evident, particularly for relatively high strains at 
the pole, that considerable variation in strain gradients exists. 

Shape Analysis. The height of the bulge at the pole is repre- 
sented as a function of the normal strain in Figs. 4 and 5. 

In general, the height increases at a decreasing rate with pro- 
gressive strain. Ata particular strain the rate of increase is most 
rapid for the very ductile alloys, i.e., annealed copper, low-carbor 
steel, and stainless steel. The shapes of the curves for this group 
of materials are very similar, particularly at the higher strains. 
Height-strain curves for the less ductile aluminum alloys, 24S-O, 
24S-T, and75S-Oare practically identical, the only difference being 
in extent. On the other hand, the height for hard copper at a 
particular strain is less than the other alloys in spite of its high 
ductility. 

It is obvious that the heights at fracture are not a simple func- 
tion of the total strain (ductility). 

The radius of curvature at the pole may be determined from 
the contour measurements. Thus as described previously (3), 
curves relating the radius to the chord length (see Figs. 8 and 
9) are extrapolated to zero chord length. This method has the 
advantage that it yields a very close approximation to the true 
curvature at the pole for any smoothly contoured shape. In Figs. 
6 and 7, the radius is plotted as a function of the normal strain. 
For a particular material, the radius of curvature decreases at a 
decreasing rate with increasing strain. 

In the past, it has been tacitly assumed by most investigators*® 
(4, 5) that the contour of the circular bulge closely approximates 
a sphere during the entire deformation. That such an assumption 
is correct over a large portion of the contour at strains approach- 
ing the instability strain has been shown for an annealed-copper 
bulge (3). 

Variations in the curvature (reciprocal of the radius of curva- 
ture) are not readily obtained from plots of the contours. How- 


9 Such an assumption is necessary when the radius of the curvature’ 
at the pole is determined by means of a sphereometer (4, 5). 
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ever, the technique for determining the radius of curvature at 
the pole used in this investigation clearly reveals such variations 
in the curvature. Figs. 8 and 9 show the computed radius of 
curvature as a function of the chord length with strain as a 
parameter, for 24S-O and stainless steel. The trends noted are 
typical for all materials investigated thus far. At small strains 
these curves have a negative slope, indicating that the curvature, 
1/R, decreases toward the pole. With progressing strain, the 
slope gradually approaches zero, i.e., a straight line. This is an 
indication of uniform curvature over the distances investigated.!° 
With further increasing strains in the vicinity of the instability 
strain, the slope of these curves increases in a positive direction, 
showing that the curvature is greatest at the pole. 

The development of the bulge shape may be further analyzed by 
a consideration of the height strain (see Figs. 4 and 5), and curva- 
ture strain relations. Thus fora particular maximum meridional 
strain, using the corresponding values of radius of curvature and 
height at the pole, a circle may be constructed with its center on 
the vertical axis of symmetry. This construction has been made 
in Fig. 10, for stainless steel at several different strains. 

At a low strain, «, = —0.15, the constructed circle intersects 
the base plane at the point B, which is at a greater distance from 
the vertical axis of symmetry than is the point of tangency J, be- 
tween the die radius and base plane. From the point J, the actual 
bulge shape must conform to the die radius for a distance which 
is greater the larger the deformation. To satisfy this requirement 
and in order for the contour to be smooth, the curvature must 
decrease as the pole is approached. This has been shown sche- 
matically by the dotted line JC. 

With increasing strain the intersection between the constructed 
circle and the base plane moves toward the vertical axis of sym- 
metry. Consequently, the constructed circles conform more and 
more closely to the requirement that the shape be tangent to the 
die radius. This results in an increasingly more uniform curva- 
ture distribution as the instability strain is approached. 

It was observed that, at instability (e, = —0.60), the are of 
the constructed circle intersected the base plane at point P, a 
distance of 3 in. from the vertical axis of symmetry;! i.e., one 


10 These measurements were limited by the wall of the die to ch rd 
lengths not exceeding approximately five inches. Therefore, changes 
in curvature beyond approximately 21/2 inches from the pole are not 
revealed. 

11 This peculiar relation between the development of the shape 
and the instability was observed for all materials exhibiting insta- 
bility (see Figs. 14 and 15) and cannot be explained at present. 
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half the die diameter. With still further deformation (es 
—0.78) the radius at the pole decreases and the point of inte 
section G, of the arc of the constructed circle with the base plan 
moves inside the die diameter. Therefore, straining beyon¢ 
‘a certain point in the vicinity of instability would result in thi 
arcs of the constructed circles conforming less and less closel; 
to the requirement that the shape be tangent to the die radius 
Thus the curvature of the actual shape must increase towar¢ 


the pole, as is shown by the dotted line /H. At still highe; 
strains, the increase in curvature becomes more pronounced) 
It should be noted that following instability only comparativel 
small changes in curvature of the dotted construction lines (sucl 
as H) in Fig. 10, would be necessary for rather large deformation, 
in the region of the pole. In other words, the strains at sufficie 
distances from the pole may remain practically constant for 
rather large change of strain at the pole. These conclusions if 
regard to changes in curvature during the development of thi 
bulge shape are in qualitative agreement with those derived fron 
the variation of radius of curvature with chord length (see Figs} 
8and 9). : 
By another method of analysis (discussed later, Figs. 14 ane} 
15), it has been demonstrated that the shape of all material, 
tested develops in the manner described in the foregoing. Ap 
parently the assumption, that the bulge contour is spherical du 
ing the entire deformation, is in error, the amount of error bein 
variable and a minimum at strains in the vicinity of the maximu 
load strain. 
The observation that the curvature decreases toward the pol 
at comparatively low strains may be explained as follows: Cal 
culations for several cases have revealed that the stress distrib 
tion becomes more uniform with increasing strain at the pole 
At low strains the stress decreases rather rapidly toward the dif 
periphery. This reduction in stress may be caused by eithe# 
(a) an increase in thickness, or (6) a decrease in radius. Thi 
change in thickness at low strains is, however, practically negif 
ligible. Therefore, this reduction in stress must be explained b 
an increase in curvature as the die periphery is approached. 
Stress-Strain. Relationships. The true maximum meridiona} 
stress s1, for a particular value of the measured maximum meri} 
dional strain e:, may be obtained by the following relation 
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where p is the hydraulic pressure, ho the initial sheet thickness} 
and F the radius of curvature at the pole. 
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Fig. 11 shows the stress-strain relations obtained for the various 
materials.'2_ It is evident that a wide variation in stress-strain 
characteristics is represented. 

It has been shown (3) that the stress-strain relationships in 
circular bulging conform to the general laws of plasticity and are 
a, function only of the stress state, being independent of changes 
in curvature. These relations as represented in terms of the 
decisive stress and decisive strain should be identical to the 
stress-strain curves for these materials in uniaxial tension. How- 
ever, the range of strain in uniaxial stress which can be covered in 
a conventional tensile test is usually considerably restricted, due 
to necking which alters the stress state. 

Fracturing Characteristics. All the materials fractured in the 
vicinity of the pole, the locus of fracture extending parallel to the 
rolling direction, approximately equal distances either side of the 
pole (with the exception of 248-T, the total length of metal separa- 
tion was from 1 to 2 in.). The alloy 248-T, on the other hand, 
fractured in an “explosive manner” (15), the fracture extending 
over a considerable meridional distance and exhibiting many 
branches. In some cases a large section was blown out of the 
top of the 248-T bulges. 

It has been shown previously by Gensamer (4) and Sachs (15) 
that for certain aluminum alloys a localized reduction in thickness 
occurs in the immediate vicinity of the fracture. This would 
indicate that for those materials the actual metal separation 
may take place in a state of plane strain, i.e., strain parallel to 
the fracture being constant. 

The existence of such a phenomenon would render impossible 
the determination of the actual fracture stress and strain in a 
biaxial stress state by means of a hydraulic bulge. As yet, it 
s not known whether such effects are associated with fracturing 
of the materials investigated here. 

12 Since the pressure was removed before strain measurements were 


made, these curves do not. include the elastic strains and, therefore, 
have been terminated at the conventional yield stress. 
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The maximum normal strains (ductility) at fracture were ob~ 
tained by extrapolation of the strain distributions measured 
after fracture (dotted curves in Figs. 2 and 3), and therefore do 
not include the local region of high strain mentioned. These 
values are larger than the maximum load strains, Fig. 1. How- 
ever, they are less than the fracturing strains which would be 
expected from the reduction in area (ductility) of these metals 
in a tensile test. Thus annealed stainless steel exhibits a duc- 
tility in a tensile test of approximately 70 per cent reduction in 
area, ore, = 1.2. In bulging, the corresponding maximum value 
of e; obtained from the strain distributions is —0.82. 

Several rather interesting phenomena which determined the 
forming limits were noted in some preliminary tests made on 
various materials. Thus it was found that the bulge was very 
sensitive to imperfections which would constitute a groove or 
notch in the metal surface. A small defect of this type was ob- 
served at a considerable distance from the pole in a test made om 
low-carbon steel, Fig. 1 (test D-1). This developed into a very 
small fracture at e; = —0.52. 

Several attempts were made to form bulges of 528-1/,H, a cold- 
rolled aluminum alloy which develops severe stretcher strains 
in a tensile test. In bulging, these stretcher strains which con- 
stituted narrow trough-shaped regions of reduced thickness, 
appeared after various small amounts of deformation. Fracture 
would then occur shortly in one of these stretcher strains. The 
maximum meridional strains at fracture varied from e, = —0.10 
to es = —0.30 for presumably identical specimens of 52S-1/.H.. 

In a previous investigation of bulging of aircraft aluminum 
alloys (15), the experimental high-strength aluminum alloy 
XA 758-O bare, was found to develop severe “‘orange peel’”’ due to a 
large grain size. This phenomenon resulted in the formation of 
irregular localized regions of reduced thickness which considerably 
lowered the forming limits and introduced considerable scattering. 


Discussion oF RESULTS 


As previously mentioned, when instability occurs, the pressure- 
strain curve exhibits a maximum. To be correct the strain at in- 
stability obtained by any indirect method of analysis must be in 
agreement with this maximum load strain. 

In subsequent discussion, an attempt will be made to determine 
the instability strains from a consideration of the strain distribu- 
tion, the shape, and also the differential equation of instability 
(1), and to compare these values with the maximum load strains. 
Also, it will be shown that the development of the shape and 
strain distribution may be related to the strain-hardening char- 
acteristics of the metal. 

Analysis of Instability. The instability of a tensile test speci- 
men results in a restriction of plastic flow to a small region (neck) 
and thereby produces a distinct change in the contour of the 
specimen. Also, in uniaxial tension the nonuniformity in strain 
distribution, resulting from necking, is readily apparent, since 
the strain is essentially uniform before instability. 

However, in certain shapes which include the bulge, it is diffi- 
cult to visualize how plastic flow could be confined to a smali 
area and result in a pronounced change in the contour. Alse, 
in bulging, any increase in the nonuniformity of strain as a con- 
sequence of instability would not be readily apparent from the 
strain distributions, because of the steep gradients present before 
instability. 

The variation of strain gradients during the deformation may 
be analyzed if the meridional strains at several given distances: 
from the pole are plotted against the strains at the pole, Figs. 12 
and 13. For all metals except 24S-O and 248-T, after a certain 
strain at the pole the strain at a given distance from the pole in- 
creases at a considerably reduced rate and may become nearly 
constant at distances greater than 1.50 in. According to this 


582 


WORMAL STRAIN (~6) AT POLE 
aZ0 240 BEA CECA 


ANNEALED STAINLESS 
STEEL ( TLOT C-L) 


400 


athe 


ONSTER FRACTURE 


MVEBAGE Ey AT 
WNSTABMITE = 3 
O295 


etal MEBAGE E 
| STABILITY =) 


Bie 


SIEFEIOIONAL SISFAIN ( Cy) AT KAPR/IOYS O1/OTANCES SHOPS POL SE 


Z 2/0 O20 QOIO aF0. 
MERLLIONAL STIPAIV CE) AT POLE 


a0 


Fia. 12 Retation Betwern Meripronat Strain at PoLtb AND 
THat at Various Distances From Poub For CrrcuLtaR BuLGING 
oF Two STEELS 


2 ° ANNEALED LOB CARBON. 
j STLEL (TLET D2) 


x 950 BARE (ILS P-L) 
ZO © 4 2957 BARE (JEST A-2)—\— 
9 fARD COFLLA 


ALCULATED HOLD LENCTH (4) ~ WEES 


go aZO aVO 260 GIO 400 


NORMAL STRAIN CE, AT POLE 


Fic. 14 CxHorp Leneta ZL as Caucutatep From Mrasurep Heicut 
AND Rapius oF CurvATURE R at Poin as A Function or NoRMAL 
STRAIN e3 AT PoLE ror CrrcuLarR Buiaus or VARIOUS MATERIALS 


concept, the strain at which these curves show a sudden change in 
slope should be the instability strain. In late discussion, it will 
be referred to as the “experimental instability strain.” This 
constancy of strain at large distances from the pole might also be 
concluded from the shape analysis, Fig. 10, which revealed that 
only small changes in curvature occur in this region after insta- 
bility. 

The phenomenon of instability may also be related to the de- 
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velopment of the shape. Thus it was shown by a process qj 
graphical construction (see Fig. 10) that at large strains, in th 
vicinity of the maximum load, the contour of a stainless-ste¢| 
bulge could be closely approximated by a sphere which passel] 
through the pole and intersected the base plane at the die pa 
riphery. This analysis may be made in another manner by cai 
culating for a given strain the chord length L, corresponding t} 
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the experimentally determined radius of curvature R and the 
height H at the pole according to the following equation 


L = (8RH — 4H2)'/ 


In Figs. 14 and 15, these calculated chord lengths have been 
plotted as a function of the normal strain at the pole for all mate- 
rials investigated. It is evident that with increasing strain the 
calculated chord length decreases at a rapidly increasing rate. 
In those cases where instability occurred, this calculated chord 
length becomes smaller than 6 in. (the die diameter). It is ap- 
parent that, at a calculated chord length of 6 in., the strain is 
approximately equal to the instability strain. This peculiar rela- 
tion between the shape and the instability has not yet been ex- 
plained satisfactorily. Results of such an estimate of the insta- 
bility are rather inaccurate, since they are subject to errors in 
the zero reading on the height gage which are difficult to elimi- 
nate. In addition, the effects of die radius are variable, depending 
upon the metal, and this introduces additional uncertainties. 

The strain at which the bulge becomes unstable may also be 
determined from the differential equation of instability (1). 
This expression is written in terms of maximum meridional stress 
$1, the natural normal strain «, and the radius of curvature R, 
at the pole, as follows 


dln s; = dink i 
deg de3 
or 
dy 1 ak, 
des, de R 
The functions 
dln $1 ar ut ds; 
dez a $1 des 
and 
dinR - ie ak 
Ga RR des 


eccurring in this equation may be obtained graphically from 
Fig. 11 and Figs. 6 and 7, respectively. If the functions 


1 ds, 
81 deg 


ind 


re plotted against the normal strain ¢;, the intersection will repre- 
ent the solution of the instability equation. Such graphical 
olutions, yielding the “theoretical instability strain,’ are pre- 
ented in Figs. 16 and 17. 

The instability strains obtained by these various methods of 
alysis are assembled in Table 2, together with the maximum 
oad strains. The agreement between these various values and 


TABLE 2 INSTABILITY STRAIN VALUES IN BULGING 


Instability 
Maximum Theoretical strain Experimental 
oad instability from shape instability 
Material strain strain analysis strain 
8 ——€8 3 —é€3 

nnealed stainless 

steel (Type 347). 0.62 0.60 0.60 0.59 

Beeslod coppet. os 0.60 0.60 0.65 0.62 
nneale ow-car- 

bon steel........ 0.66 0.64 .64 0.64 

5S-O bare........ 0.48 0.47 0.50 0.46 

[ard copper....... 0.56 0.59 0.57 0.58 
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the maximum load strain for a particular material is good (the 
maximum variation in no case being greater than approximately 
8 per cent). These analyses also indicated that instability was 
not reached for 248-O and 248-T. This is confirmed by the ab- 
sence of a maximum in the pressure strain curves of these metals. 

These instability strains in bulging are considerably higher 
than those in uniaxial tension. This is explained by the fact that 
in bulging the instability is dependent not only upon the stress- 
strain characteristics but also on the curvature changes. In- 
stability of the system will occur when the rate of increase in 
pressure due to strain-hardening of the metal and increasing 
curvature of the shape is no longer able to. compensate for the 
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decrease in pressure due to the decreasing thickness of the metal.1* 
Thus the curvature change of the bulge co-operates with the 
metal strain-hardening to increase the pressure and, consequently, 
to delay instability. In some cases the metal ductility will not 
be sufficiently great to reach the instability strain as evidenced 
in tests on both 248-T and 248-0. 

Influence of the Strain-Hardening Rate. At instability, all 
materials exhibit a very nearly spherical contour, while the strain 
gradients, Figs. 2 and 3, vary considerably. Referring to Figs. 
12 and 18, it is apparent that for the same strain at the pole the 
average strain over the contour may be quite different, depending 
on the material. This is shown more clearly if the relation be- 
tween the meridional strain at the pole and that at 1.50 in. from 
the pole for the various materials is compared, Fig. 18. The slope 
of these curves for a particular strain at the pole is a function of 
the average strain. Thus the highest possible average strain 
for a given strain at the pole (uniform strain distribution) would 
be represented by the 45-deg line. According to this analysis 
the material with the highest strain-hardening rate possesses 
the most uniform strain distribution. Consequently, the curves 
imcrease in slope with increasing necking strains in uniaxial 
tension (Table 3), which are a measure of the strain-hardening 
ability of a metal. It may be concluded, therefore, that in the 
ease of a metal membrane the strain distribution and, conse- 
quently, the functions relating the curvature to the strain at the 
pole are dependent on the stress-strain characteristics of the 
metal. 

In addition, the height-strain relations should also be depend- 
ent on the strain-hardening characteristics. This would be ex- 
pected since for a given strain at the pole the total are length 
would be dependent on the average strain over the contour. 
Thus, bulges having equal average. strains would have equal 
heights (assuming the shape is a sphere). As pointed out, the 
average strain is a function of the strain gradient and, for a given 
strain at the pole, it will be larger the higher the strain-hardening 
rate. Therefore, considering bulges of various materials having 
equal strains at the pole, the height will be greatest for the mate- 
mal having the highest strain-hardening rate. This explains 
the fact that the height of the ductile hard copper is lower at a 
particular strain than the height of the less ductile aluminum 
alloys, Figs. 4 and 5, 


18 An analogous statement was made for instability in simple 
uniaxial tension by Ludwik (16). 
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E 3 COMPARISON OF PREDICTED AND THEORETICA 
ioe INSTABILITY STRAINS IN BULGING 


Necking Predicted Theoretice 
strain instability instability 
in uniaxial strain in strain in) 
Material tension bulging (Saibel) bulging | 
a=n —€3 —ex | 
Annealed stainless steel 
(Type 347) te walt 0.40 0.57 0.60 
Annealed copper......... 0.35 0.53 0.60 | 
Annealed low-carbon steel. 0.29 0.47 0.64 
758-O: bare ssatacts. aes erae 0.13 0.28 0.47 | 
Hard copperian: cet ors <0.01 <0.04 0.59 | 


The instability strains in bulging show less variation with th 
stress-strain characteristics of the metal than do the neckin 
strains in pure tension. This is explained by the fact that, whill 
a decrease in the strain-hardening rate tends to reduce the i 
stability strain by decreasing the slopes of the stress-strain curve 
it also tends to increase the instability strain by increasing m 
slopes of the radius-strain curve. 

It is evident that while the instability strain in bulging is de 
pendent on the stress-strain function of the metal, it is no 
simply related to the necking strain in uniaxial tension. 

Comparison With Published Results. The stress-strain relay 
tions in bulging reported by the authors for 24S-T and 248-O a 
compared with those obtained by Gensamer, et al (4) for 12-in} 
diam bulges of these alloys in the clad condition, The differences 
in these curves, Fig. 19, are primarily due to the cladding, whic} 
should reduce all stress values by an equal amount. However 
the curves for 24S-T are not parallel at strains less than approxil 
mately 10 per cent, and the maximum strain observed by thi 
authors is somewhat higher than that reported by Gensamer} 
These differences may possibly be explained by commercial mate} 
rial variations. | 

An attempt has been made by Saibel (5) to develop an expres} 
sion yielding the strain distribution for a circular bulge in term! 
of the radius of the die and height at the pole. This analysis il} 
combined with the use of the instability condition to yield a rela 
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tion between the strain-hardening exponent n, in the generalized 
stress-strain equation 


Si= Ae)” 
and the instability strain in circular bulging. However, this 
approach appears to neglect the important effects of the stress- 
strain characteristics on the strain distribution and, conse- 
quently, on the strain-curvature relations. Table 3 shows in- 
stability strains predicted by means of Saibel’s (5) formula are 


not in agreement with the experimental values reported in this 
investigation. 


CONCLUSIONS 


Summarizing the results of this investigation, the following con- 
clusions may be drawn regarding the deformation and failure 
characteristics of metal membranes subjected to hydraulic pres- 
sure: 


1 An analysis of the development of the shape reveals that 
the bulge contour is closely approximated by a sphere when the 
strain at the pole is in the vicinity of the instability strain. 

2 The characteristics of the strain distribution, and therefore 
the function relating curvature and strain, are influenced by the 
strain-hardening characteristics of the metal. 

3 If sufficiently ductile, a circular metal membrane will ex- 
hibit an instability characterized by a large increase in strain at 
the pole at constant or decreasing pressure. 

4 For a wide variety of materials, the previously developed 
differential equation for instability in a circular bulge yields 
strains which agree with the maximum load strains. 

5 The strain at instability may also be derived from the 
development of either the shape or the strain distribution. 

6 In circular bulging, the instability strain is less influenced 
by the strain-hardening function than is the necking strain in 
uniaxial tension. — 

7 Instability strains in bulging cannot be derived from the 
necking strains in pure tension by any known simple relation. 

8 If a metal exhibits any discontinuities, such as stretcher 
strains, large grain size, or surface flaws, the forming limits (maxi- 
mum strains) in bulging are greatly reduced. 
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_A Reconsideration of Deformation Theories 
of Plasticity’ 


By D. C. DRUCKER,? PROVIDENCE, R. I. 


- 


Deformation theories of plasticity for strain-hardening 
materials are defined as those which postulate that the 
components of elastic and permanent strain are completely 
determined by the existing components of stress. The 
assumption is made that there is some criterion, in terms 
of stress, for loading or increase in plastic deformation. 
A common supposition of this nature is that the perma- 
nent strain will increase when the octahedral shearing 
stress increases. 

It is shown that no matter what the loading criterion 
these deformation theories of plasticity lead to the unac- 
ceptable conclusion that large (finite) changes in the com- 
ponents of permanent strain may accompany infini- 
tesimal increases in loading despite strain hardening. 
Simple illustrations are given and it is demonstrated 
that an incremental, or so-called flow theory eliminates 
this undesirable feature. 


ORIGIN OF DEFORMATION EXPRESSIONS 


GREAT deal of experimental work has been carried out to 
find laws which will predict the behavior of materials 
under combined stress from their action in simple ten- 

sion. With a few exceptions, the useful tests have been com- 
binations of tension, torsion, and internal pressure applied in 
various but fixed ratios to thin-walled tubes. For practical pur- 
poses, the states of stress can be treated as statically determinate; 
they are of the form 


where o°;; is a three-dimensional state of stress (Cartesian com- 
ponents o,, oy, Tz) Tzyy Tyz Tex) and kis a scalar which starts at zero 
and increases in the course of the experiment. Therefore the 
directions of the axes of principal stress and also the ratios of the 
principal stresses remain constant. 

These apparently general three-dimensional but actually 
specialized experiments can be correlated very well with each 
other and with results in simple tension by (1, 2)8 


1 — o2 Comms C3 we Ol 


= Sh sic us renee [2] 
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a volume-change relation, and the choice of the maximum shearing 
stress as the criterion of loading. An even better agreement is 
obtained when the octahedral shearing stress is taken as the 


1The conclusions presented in this paper were obtained in the 
course of research conducted under Contract N7onr—358 sponsored 
jointly by the Office of Naval Research and Bureau of Ships. 

2 Associate Professor of Engineering, Graduate Division of Ap- 
plied Mathematics, Brown University. Jun. ASME. 

3 Numbers in parentheses refer to the Bibliography at the end of the 
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AMBRICAN SociETy or MrecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—A-81. 


criterion. In this connection, the work of Morrison (5) on size 
effect is of considerable interest and importance. Tests of Taylor 
and Quinney (6) show that Equation [2] is an oversimplification 
of the physical behavior of metals and therefore a more elaborate 
relation is required to obtain truly excellent agreement with ex- 
periment. The much more general relation given by Prager (3) 
for the components of permanent strain ¢;;” (€,”, €,", €”, 1/27", 
'ovye") '/2V22" in the usual Cartesian form) 


€;;” = Ps;; + Q:;; oMals RiieteleMellpial ener eist sist sls [3] 


where, with the usual summation convention for repeated sub- 
scripts, 


P and Q are functions of Jz and J; 
qies ae cy is proportional to the square of the octa- 
oe ae hedral shearing stress 
1 is the third-order invariant of the stress 


Sout Sheesh Sys ‘a : 
Or LS i deviation; J» is the second 


8:7 = Oj; — 863; is the stress deviation 

i 
Ss 37H is the average principal stress 
i; is the stress 


Peg he eg i is the deviation of the square of the stress 
a ek Tg tS deviation 

includes all deformation expressions for incompressible isotropic 
materials and can be adjusted to fit the data. The difficulty 
introduced by the change in Poisson’s ratio from the elastic to 
the plastic state has been discussed by Swainger (4). 

The analysis of experimental results, or conversely, the pre- 
diction of the state of strain from the state of stress, when the 
directions of the principal stresses and their ratios remain un- 
changed, is now at a satisfactory stage. Recent experimental 
work is directed toward improving an already high accuracy or 
investigating new materials. 

Perhaps for this reason a misunderstanding has arisen. The 
stress-strain relations which correlate the tube tests are often 
believed to be applicable in a general mathematical theory of plas- 
ticity (actually only a few solutions are available for materials 
with strain hardening). However, such extension is not neces- 
sarily permissible. Only under very special conditions (7) will 
the directions of the axes of principal stress and the ratios of the 
principal stresses remain constant in actual structures or machine 
parts in the plastic range. 


DEFORMATION THEORY 


There are several variations of what has been termed the 
deformation type of mathematical theory of plasticity (1, 2, 3) but 
their unifying characteristic is that the total strain at a point, 
and therefore the permanent strain as well as the elastic part, is 
determined uniquely by the state of stress at the point. The 
exact form of the dependence and the numeric quantities involved 
will of course vary with the particular material considered and 
are not important in this discussion. However, it can be seen 
that complete isotropy is implied by such a theory if the directions 
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of the co-ordinate axes are chosen without regard to the material 
or the state of stress. This assumption is generally made be- 
cause of the resulting simplification and the (actually only partly 
relevant) fact that many important polycrystalline metals are 
quite isotropic in a statistical sense. Complete isotropy means 
that the directions of the axes of principal stress and of prin- 
cipal strain coincide. 

\Some qualifying statements must be made about the depend- 
ence of strain on stress even for simple tension, Fig. 1. As long 
as the stress o increases, the strain ¢ will increase and will be a 


Fre. 1 Srtmete TENSION 


unique function of ¢. If, at some point B on the stress-strain 

- curve AB the tension is decreased, the strain will decrease also, 
but along another line BC which usually has the same slope as 
the tangent to the original curve at point A. The change in 
strain on unloading is elastic, as subsequent reloading retraces 
the path CB and then goes on to D with relatively minor de- 
viations. The process can be followed easily and the final 
strain calculated if the stress history is given. However, a gen- 
eral mathematical expression for strain in terms of stress be- 
comes too elaborate after a first unloading. Therefore in this 
discussion only one loading followed by, at most, one unloading 
will be supposed. 


CRITERION OF LOADING 


As soon as general variations in the state of stress are con- 
sidered, the formulation of a loading criterion is no longer a 
trivial problem. There is no obvious single variable, such as 
o in the case of simple tension, or k for the three-dimensional 
states of Equation [1], whose increase definitely represents load- 
ing and decrease unloading. 

It is reasonable to define loading in the plastic range as a change 
in the state of stress which produces a change in the permanent 
strain. The criterion of loading for each material may be a 
matter for experimental determination, but the theory of plas- 
ticity postulated and the criterion used must be consistent. 
Therefore, if an originally isotropic material with isotropic strain 
hardening is assumed, the criterion of loading can involve the 
magnitudes, including sign, of the principal stresses o1, o2, o3, but 
not their directions. A function f(o1, o2, 73) must exist such that 
a change in the permanent strain occurs when the value of f 
increases and no change in permanent strain occurs when f de- 


, Cp eis . 
creases. The maximum shear stress cr a and the octahedral 


\ if A sais is ee £ = 
shear stress 3 a/ (a, — a2)” + (a2 — a3)? + (03 — oi)? criteria are 


simple examples of f. Note that the elastic, and therefore the 
total, strain may change whether f increases or decreases. 

No matter what the criterion, it is physically sound to expect, 
and to require, of a mathematical theory for a strain-hardening 
material, that a small increase in f produces a small change in the 
permanent strain. In the limit, the derivative, or the ratio of 
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the change of (any component of) permanent strain to the change 
of f, must be finite. 


INCONSISTENCY FOR ROTATION OF PRINCIPAL AXES 


It can now be demonstrated that the previous conditions and 
premises of deformation theory are not always consistent. Sup- 
pose a state of stress o;; and plastic strain e;; to exist at any point 
of any strain-hardening body. Let an infinitesimal change in’ 
stress take place of a type constituting loading, e.g., k increase 
in Equation [1]. An infinitesimal increase in the permanent 
principal strains will necessarily take place also. For the purpose. 
of description, call the principal stresses corresponding to o;;01, 
o2, 63 and the principal strains «1, e2, ¢. If the material is assumed | 
to be completely isotropic, the principal directions of stress and. 
strain coincide with each other and with the axes of the principal 
permanent strains «”, 2”, ¢;” also. The increase in f, or the 
amount of loading, depends upon the change in the magnitudes 
of 01, 02, 73; only and is independent of the directions of the prin- 
cipal stresses. Therefore the same infinitesimal increase in f 
will take place if the directions of 01, 02, o3 are rotated through | 
finite angles at the same time their magnitudes are being changed 
slightly. As previously shown, an isotropic deformation law re-| 
quires that the axes of permanent strain coincide with the axes. 
of stress as long as loading takes place. Therefore the axes of 
permanent strain and necessarily the components of strain will 
change by finite amounts although the loading is infinitesimal | 
and the magnitudes of the principal strains and stresses change | 
only infinitesimally. Passing to the limit, this means that al- | 
though the magnitudes of the principal stresses are still o1, o2, a3, 
and the principal strains still «1, ¢2, ¢3, the derivatives of some or 
all of the permanent strain components e;;" with respect to f (the 
loading) become infinite. An infinitesimal increase in f can pro- 
duce a finite physical change in permanent strain. | 

This type of inconsistency was first pointed out by Handel- 
man, Lin, and Prager (8) in a different manner for a special state 
of stress with the equivalent of the octahedral shearing stress as 
the criterion of loading. The preceding generalization shows 
the impossibility of overcoming the difficulty by choosing another 
loading criterion or avoiding a special state of stress. Aniso-. 
tropic strain-hardening theories of the deformation type would 
lead to a similar contradiction. 

The objection might be raised that the finite rotation with in- 
finitesimal loading is an unusual condition and probably would 
not be encountered. Although this may be true in most cases, 
it is, nevertheless, evident that if rotation occurs, and it almost 
always will, the prediction of a deformation theory will be un- | 
reliable. The higher the ratio of rotation to increase in loading, | 
the greater the error. 


INCONSISTENCY FOR ConsTANT PRINCIPAL DIRECTIONS 


Another and equally, or more, important form of the incon- ; 
sistency is somewhat difficult to describe in general terms. Sup- 
pose the axes of principal stress to remain fixed in direction and 
consider all possible changes in the magnitudes of the principal 
stresses. Some changes will constitute loading, some unloading, 
and for some f will remain constant. It is therefore possible 
to increase the value of f only infinitesimally (or not at all) while © 
changing o1, 02, os by finite amounts in many ways. As before, 
if infinitesimal loading occurs, a deformation theory will predict 
finite changes in permanent strain for some, not necessarily all, 
of these finite changes in stress, and in the limit the derivative of 
the components of permanent strain with respect to the loading | 
f will be infinite. : 

The proof of this assertion follows if f is a sufficiently contin- 
uous function of the principal stresses so that f = const forms 
a surface in 01, 02, 3 space and f + df = const is a neighboring 
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surface. Take a point on f at which‘ o, = A, o. = Bo; = C 
and consider, as an example, the point B, A, C which must lie 
on the same f surface because f is determined by stress magni- 
tude alone. Any path which lies on the surface f = const and 
joins these two points will represent progressive changes in 
stress which are neither loading nor unloading although the 
magnitudes of the principal stresses change by finite amounts. 
Strictly speaking, deformation theories describe only what hap- 
pens when loading occurs. Thus it is necessary to imagine a 

path along which f always increases infinitesimally so that the 
end point lies in the neighborhood of B, A, C, say, at B + dB, 

_ A, C, if B is algebraically the largest of the three values. As de- 
formation theories are not concerned with which stress is labeled 
oi, if the permanent principal strains predicted by the particular 
theory were €,” = a, «” = b, e;” = cat A, B, C the prediction for 
B + dB, A, C would differ only infinitesimally from b, a, c so that 

_ finite changes of permanent strain of magnitude |b — a| would 
accompany the infinitesimal loading. 


ILLustTRATIVE ExamMrLes 


Simple examples can be used to illustrate the foregoing general 
discussion. Fig. 2 shows the two-dimensional state of stress 
produced in a thin-walled tube by internal pressure and axial 
tension, neglecting the radial stress. A method of rotating the 
state of stress without changing the magnitudes of the principal 
stresses has been described previously (9). The addition of 
torque and the proper variation in internal pressure and axial 
tension required can be calculated easily. Fig. 3 shows the ro- 
tation of a uniaxial tension which has permanently stretched 
the tube in the axial direction. If this tension is increased in- 


Fig. 2 ComBIneD STRESS 


Fig. 3 Roration or A UNIAXIAL TENSION 


finitesimally as it is rotated, all isotropic deformation theories 
predict that the permanent strain will rotate completely with the 
stress so that when the stress is a pure circumferential tension, 
the diameter will be permanently stretched and there will be a 
permanent axial contraction due to the Poisson effect. They 
therefore lead to the result that for infinitesimal loading a per- 
manent axial elongation has been converted to a contraction. 
In fact, in the limit, this is in direct contradiction to the assump- 
tion of isotropic strain hardening. 

In discussing the rotation inconsistency it is not necessary to 
be explicit about the particular deformation theory or criterion of 
loading, as the answer for all is the same. However, the incon- 


4In this treatment, the subscripts 1, 2, 3 do not represent either 
ascending or descending algebraic values. Any principal direction 
may be called 1 or 2 or 3. 
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sistency that still arises when the directions remain constant 
requires a specific illustration for clarity. One commonly ac- 
cepted system is represented by Equation [2] and the use of the 
octahedral shearing stress as the loading criterion. 

In the case of plane stress, with the 3 direction normal to the 
plane, the equations reduce to 


Ty =~ O92 2 


Gl " mae ca’ 
and 


feseaj7 soot ooo eee Moke we ei ene [5] 


where the coefficient and the square root have been dropped. 

Suppose a state of simple tension to exist in the tube; principal 
stresses A, O, O, and principal permanent strains e.” = a, @” = 
—a/2, ¢” = —a/2. Substitution in Equation [5] gives f = 
A*, If the magnitudes of o; and o2 are changed in such a manner 
as to keep f constant (no change in the octahedral shearing 
stress), there should be no change in the permanent strain. If 
/ is increased infinitesimally then the change in permanent strain 
should also be infinitesimal. Equation [5] gives the required 
value of co, for an arbitrary choice of o;. By proper increase of 
the internal pressure and change in the axial force on the tube, 
the state of stress o, = 24/ V/ 3, 72 = A/ / 3 can be reached for 
which f is still A?, and always was during the process. Taking 
the permanent change in volume to be zero, Equation [4] gives 
6.” = —e” and e” = 0. Despite the unchanged octahedral 
shearing stress, the theory predicts an increase in the permanent 
circumferential strain of a/2. 

It might be thought that the inconsistencies could be resolved 
by simply saying that loading should not be defined as a change 
in stress producing a change in any component of permanent 
strain but rather a change in some strain invariant, as, for ex- 
ample, the octahedral shear strain. Unfortunately, it can be 
shown that such an assumption leads, in general, to conclusions 
which strongly violate known physical facts such as (approxi- 
mate) isotropic strain hardening. 

A comparison with experiment of the problems involved in both 
the rotation and the constant direction inconsistencies would be 
of great value. 


An ALTERNATIVE PoINT oF VIEW 


Another point of view, which is more direct, can be used to 
analyze explicit stress-strain equations. Consider the simple 
relation analogous to Hooke’s law but containing a plastic in- 
stead of elastic modulus 


ey alen aaa (a2 + o3) | see eecceescccses [6] 


or the more elaborate one of Swainger (4) involving an elastic 
modulus £, plastic modulus P, elastic Poisson’s ratio g, and plas- 
tic p, and stresses at which yield occurred oo1, 02, 03 


a= Se — p(oz + a3) — G01 + P(oo2 + o03)] 


+ 2p — lor + i) + on — low + oad] eves. 7 


each of which is to be used with the octahedral shear stress or 
equivalent criterion. C or P is determined by the octahedral 
shear stress. 

As shown in the preceding example, the state of stress a1, 02, o3 
can be changed completely while increasing the octahedral shear 
stress infinitesimally or not at all. Substitution in the foregoing 
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equations leads to inconsistent large changes in a component of 
the permanent strain which the theories predict under this neg- 
ligible or zero increase in loading. Note that the elastic changes 
in strain calculated from Hooke’s law must be subtracted from 
the total to get the permanent strain. 


REDUCTION TO INCREMENTAL (OR FLow) THEORY 


Differentiation of the most general deformation expression, 
Equation [3] with respect to the loading criterion f gives® 


ss See 

af df a 
The limited applicability of deformation theory appears sharply 
in this form, for as has been shown, the derivatives of the deyi- 
ations may, according to such theories, become infinite. There- 
fore a blunt approach is to throw the last two terms out, and 
suitably restrict P and Q, to leave 


oar iP 


de.” 
af = Pis;; + Qiti; 
or 
de;;" = (Pis;; + Quit; df ee tccccccrecene {916 


an incremental, or flow, theory (8). This approach has some va- 
lidity because the experimental evidence and the thinking in- 
volved in the derivation of deformation theories was not con- 
cerned with terms of this nature. Conversely, Equation [9] can 
be integrated directly when o;; = ko;,? to give Equation [3]. 

Consideration of the integration process shows how deforma- 
tion laws lack required generality. Taking P; = Pi(J2, J3”) and 
Q: = J:Q2 (Jo, Js”), the incremental theory (8), Equation [9], 
assumes isotropic strain hardening and a criterion of loading just 
as all isotropic deformation theories do. However, only for 
very special paths of loading does Equation [9] integrate to give 
a deformation law. In general, the final strain will depend upon 
the stress history despite the isotropy, and step-by-step integra- 
tion will be required. However, none of the preceding state- 
ments rules out the possibility that another relationship than 
Equation [9] may actually apply. Some experimental evidence 
does exist for a flow-modified deformation theory (10). 


CONCLUSION 


It has been shown that for general stress histories the assump- 
tions of a deformation type of mathematical theory of plasticity 
for strain-hardening materials are not completely self-consistent 
for any criterion of loading. In particular, it was demonstrated 
that the usual stress-strain relations coupled with the choice of 
the octahedral shearing stress as the criterion are inconsistent 
with the also accepted basic notion of isotropic strain hardening. 
On the one hand the theory postulates that plastic deformation 
will not take place unless the octahedral shear stress increases 
a finite amount; on the other hand the equations can and do 
yield large changes in the permanent strain for infinitesimal or 
zero increase in the octahedral shearing stress. 

Solutions of plasticity problems based on these or any other 
equations giving total or permanent strain as a function of the 
existing state of stress may therefore be seriously in error if the 


5 The terms de”/df, dP/df are not quite derivatives of the usual 
type. They mean the limit of the ratio of the increment in the quan- 
tity (due to a change in the state of stress) to the increment in f (due 
to stress) as the change inf approaches zero. 

6 The total strain increment is obtained by adding the change in 
the elastic components of strain (Hooke’s law terms) to the plastic 
changes. 

It is of interest to note that if f is taken as Je or the octahedral 
shearing stress, Equation [9] leads to a form similar to Equation [2] 
with the total strains replaced by strain increments. 
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state of stress at each point does not just increase in the scala: 
manner of Equation [1]. 
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Discussion 


WENDELL P. Roop.’ 
in which the co-ordinates are values of the three principal stresses 
at a single point in the geometrical space. The history of a 
given loading sequence is depicted by a line in the phase space | 


which passes from each to the next of a series of loading condi- | 
As these conditions succeed each other in time, each | 


tions. 
point on the curve is associated with an instant of time. Or this 
scheme may be generalized by substituting another variable for 
time which designates the level of loading, but for which the 
symbol ‘%’” is also used. It is naturally monotonic with respect | 
to time. 


q 


To be 


The argument makes use of a phase space | 


A function “f” of the principal stresses is now imagined, such | 
as the octahedral stress, or any of the functions which are in- — 
variant with respect to orientation in the geometrical space, or | 
any other function which may happen to be chosen for a special | 


physical significance. 
lished in the phase space. 


The slope of f on ¢ varies with orientation in the phase space; | 


Contoured surfaces of constant f are estab- | 


| 


thus in passing normally from one of the contour surfaces to an 


adjoining one with a higher value of f, the load-sequence curve 


would show a maximum of of 


But if this curve lies within such 


; f : fe) 
a surface, or lies tangentially to it, then 2 = 0. The writer 


would like to exclude the case where 2 < 0 and to refer to the 


remaining cases as those of monotonic loading. 


The argument, as the writer understands it, relates to the 
re) 

cases where of = 0. 
ot 


Among a group of theories of plasticity which he calls ‘“deforma- 


7 Swarthmore College, Swarthmore, Pa. 
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tion theories” such a case, the author says, leads to contradic- 
tions. The following characteristic of the theory which the writer 
would like to use is an assumption relating to the strains: 

Start from a point at which the principal stresses are o, = AS 
ao. = B, o; = C; the principal strains which exist at this stage 
will be ealled €| = a, & = b, e; = c. Now increase each of the 
principal stresses by a Bees 1 + A where A is a small fraction, 
Say, one per cent. Then it is common experience in a great va- 
tiety of cases of plastic flow that each of the principal strains will 
also increase by a small though different fraction. If the axes 
of principal strain remain parallel to those of stress then this 
fraction of increase of strain will be the same for all three prin- 
cipal strains, in the ratio 1 + 6to1. The ratio A/d5 may vary; 
and as the fracture point is approached the whole analysis may 
break down. But in a large number of practical cases the con- 
ditions described will continue to hold up to fairly large strains, 

-say, 10 or 20 per cent or even higher values. 

Cases like this are certainly included among those for which a 
deformation theory may be proposed. But the author uses the 
expression deformation theory in a broader sense. He asks 
us to consider especially cases in which f does not change, as it 
does not, for example, when o; is changed from A to B and at the 
same time oz from B to A. It is quite clear that under these 
circumstances the principal strains may find themselves quite 
undecided about what to do. 

But might we not now restate the problem? We have asked 
whether deformation theories are valid and given the answer 
that they are not since in general no unique function of the strains 
exists which can be linked with f. 

But under certain circumstances such a strain function does 
exist. The writer has seen several sets of experimental data, 
notably in tube tests under various ratios of internal pressure to 
axial tension, in which the same curve of octahedral stress on 
octahedral strain is obtained under widely varying values of that 
ratio. May we not inquire rather about the limits within which 
this is true rather than those within which it is false? 

The author cites cases in which a contrary result is found, nota- 
bly that in which the tube is subjected also to torsion; this is 
a method of “rotating the state of stress without changing the 
magnitudes of the principal stresses.” If the author is willing 
to say that under these conditions no function of the principal 
strains exists which stands in a unique relation to the octahedral 
stress, the writer is ready to take his word for it. However, he 
goes further and refers to an “inconsistency that still exists when 
the directions remain constant.” 

For example, under simplified conditions the author considered 
the case where o; = 0 as in the familiar tube tests. The whole 
range of cases which the writer wishes to consider is included 
when n, the ratio of hoop stress to axial stress, is varied from 
zero to unity. When hoop stress exceeds axial stress, the sub- 
script 1, as ordinarily used, is applied to the hoop stress, and as 
it continues to increase n = o2/o; diminishes toward zero. 

In the simplified phase-diagram the co-ordinates are o; and oe 
and one octant is all that is needed to cover the whole range of 
cases now considered. Such a diagram is shown in Fig. 4. Half 
of the diagram has been used to show contours of equal octahedral 
stress and the other half for octahedral strain, calculated by the 
simple deformation theory. 

On this diagram a path of progressive change has been marked 
out, beginning at A and ending at D. If the change is made by 
passing from A directly to D, the simple theory gives the correct 

-result. By this it is meant that when the principal stresses are 
varied as shown in the lower octant the octahedral strain will 
have the progressive values shown in the upper octant. The 
principal strains will have the values 
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It is easy to check the agreement of these results with the basic 
formula 


71 — 02 02 — 03 03 — 01 o1.2—n Ir 


Cy eenies €3 — & a 3 27 


€1 — € 


May the writer ask the author if he is willing to agree that if 
the alternative path A BC D does not deviate too widely from 
A D the results obtained by following A D may offer a usable ap- 
proximation? This seems to be a.common case in the processes 
which the writer is studying. If the writer knew how to calculate 
the strain increments on path A B C D, the writer would like to 
do it. 

Another feature of the work which the writer has in hand is the 
application of measured residual strains to estimate of the energy 
used in producing them. It is quite possible that in approaching 
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the final pattern of residual strains the metal at a given point 
may have passed through stages in which n did not maintain a 
strictly constant value. But is, or is not, the energy value the 
writer got (by neglecting those changes in the value of mn) more 
acceptable than the values of the separate principal stresses would 
be? 


AutTHoR’s CLOSURE 


Captain Roop brings up the very important question of how 
much deviation from “radial” loading, o;; = ko,;,;°, will put def- 
ormation theory seriously in error. The answer is quite easily 
obtained by integration if a particular incremental form is as- 
sumed, e.g., de;;” = Pi(J2)s;;dJ2 may be compared with the octa- 
hedral form e;;” = P(J2)s;;. 

This, however, is not quite the problem of greatest interest. 
When the state of stress is nonhomogeneous, as in the case of a 
notched bar, the stress path followed by each point depends not 
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only upon the history of the boundary loading but also upon the 
stress-strain curve of the material under simple stress. If strains 
are very large, the curve usually is very closely a simple power 
term for most of the strain range. It is probable therefore that 
an energy expression based on elementary deformation theory 
will not differ enormously from one based on elementary incre- 
mental or flow theory. On the other hand, large differences 
show up in the stress-analysis problems of the machine designer 
where strains are still small. 
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A word of caution seems in order. One should not allow eith: 
past experimental habits or apparently rigorous mathematic. 
formulations to obscure the true physical picture. The behavic 
of material is most complex. It is clear that any of the ver 
simple stress-strain relations, even of the incremental type, wi 
fit only relatively simple loading paths adequately. Far mor 
experimental information is required to enable a decision to Uj 
made as to the least complicated theory which will be useful in. 
particular application. 
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Power-Plant Cycle Evaluation 


By J. K. SALISBURY,! SCHENECTADY, N. Y. 


Thermodynamic losses in the heater system of a steam- 
power-plant cycle are analyzed. All heater systems are 
rated with respect to an “ideal”? heater system. Simple 
algebraic formulations permit determination of arrange- 
ment loss, distribution loss, and loss due to terminal 
difference and pressure drop in any heater cycle. Mis- 
cellaneous corrections to cycle heat rate are described and 
two typical corrections are analyzed. The paper consti- 
tutes a new fundamental approach to analysis of feed- 
water heating cycles, based largely upon a simplifying 
assumption, valid for the purpose. It may be regarded as 
a sequel to a previous paper covering major parameters 
of steam-plant regenerative cycles. 


INTRODUCTION 


HIS work is a sequel to a paper published by the author? 

outlining a method of analysis for steam-power-plant 

cycles. The previous paper considered major parameters 
of steam-cycle performance, using several simplifying assump- 
tions. All heaters were considered to be contact-type heaters 
having identical condensate enthalpy rises. No pressure drop in 
extraction lines or terminal difference in heaters was taken into 
account. Deviations of actual cycles from this ideal cycle will 
be investigated in this paper and methods illustrated for deter- 
mining the loss which results. 

The previous paper presented data for determination of the 
theoretical gain in heat rate resulting from use of an infinite num- 
ber of heaters heating feedwater to the saturated liquid enthalpy 
corresponding to throttle pressure. The fraction of this gain 
realizable in an actual cycle was presented as a function of the 
fraction of the “possible” rise, for various numbers of heaters. 
In determination of the theoretical gain with an infinite number 
of heaters, a “quadratic approximation”? was used to represent 
analytically the state line of a steam turbine. In this empirical 
equation, written for a known state line, the independent variable 
was the fraction of the possible rise in feedwater enthalpy. The 
quadratic approximation is of great usefulness in analyzing ac- 
tual heater cycles. Its form is (H — h) = az? + bx +t. 

In any heater cycle there are three major types of loss, as well 
as miscellaneous heat-rate corrections for subcooling in the con- 
denser hot well, use of condensate-cooled generator coolers, and 
boiler-feed-pump power. The major losses may be classed as 
follows: 


1 Arrangement loss. 
2 Distribution loss. 
3 Pressure drop and terminal difference loss. 


These losses will be considered in sequence, and a method out- 
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lined for their analysis. Brief discussion of some of the miscel- 
laneous losses is also given. 

The need for such analysis arises in at least three ways: (a) 
It is of value to the designer of a feedwater-heating cycle, in 
selection of its characteristics, to know the effect of various 
minor changes. (b) It is useful to the test engineer in correcting 
test results for uncontrollable deviations of test conditions from 
guarantee cycle conditions. (c) It is of value to the operator in 
determining readily whether the feedwater-heating system re- 
quires maintenance which will justify temporarily taking a heater 
out of service. 


Metnop or ANALYSIS 


Evaluation of two heater arrangements usually is accomplished 
by actual calculation of the two cycles and comparison of the re- 
sults. This method has the disadvantage that a small difference 
of two large numbers is sought, and extreme care in calculation is 
necessary. Presentation of a strictly accurate method of analysis 
for all types of cycle seems to be a prodigious task. However, 
by use of a simple device the difference in actual cycles easily 
may be calculated with accuracy. All cycles are rated by their 
loss with respect to the ideal cycle. The error in this simple 
method has been shown by the author to be ef completely neg- 
ligible magnitude. 

In the previous paper,” it was demonstrated that the quantity of 
heat given up in a feedwater heater by 1 lb of steam (H — h), 
varies within a very narrow range throughout the turbine state 
line. If, for purposes of cycle comparison, we assume the state line 
to have a shape such that the variation in this quantity is 
zero, many of the difficulties disappear. This situation is entirely 
conceivable, and requires only that the various portions of the 
turbine have efficiencies which cause the state line to have a 
slightly different shape, that is, by assuming a turbine with cer- 
tain internal characteristics closely approximating the actual 
ones, we are provided with a state line which greatly simplifies 
analysis, and is valid for the purpose. The effect of this assump- 
tion is made clear in Fig. 1, illustrating the true and assumed 
state lines, and characteristic variation of (H — h). Since both 
the actual cycle and the ideal with which it is compared are 
assumed to operate on the assumed state line, the difference 
found is strictly correct for the state line used, and very close in- 
deed to the difference for the true state line. 

Another device, also of great usefulness in such analysis, con- 
sists in use of a dimensionless variable y, the meaning of which is 
made clear in Fig. 2. The heat given up by 1 lb of steam in the 
condenser (H, — h,), is used to represent the value of this quan- 


tity throughout the state line to a first approximation.* Using 
the nomenclature of the previous paper, (W — h) =ft. Thus 
in Fig. 2 we may set up a heat balance 
(1+ w) R/n = wy (H—h) = wrt........... (1] 
Solving this equation 
w= (1 + w) R/nt = 1 + w) y....2...... 2] 
w R 
pe me re ches twee eee [3] 
L+w i nt 


3 A further refinement is of course to use an average value of (H — 
h), easily found by integration of the quadratic approximation 


(H — Ajavg = 1/3 ac? + Vp ba +¢ 
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TRUE STATE LINE 


ASSUMED ’STATE LINE 
TO MAKE H-h = CONSTANT 


$ 


Fie. 1 (a) Comparison or AcTUAL AND APPROXIMATE STATE LINE 


(H-h) 
TRUE (H-h) 


AVG. (H-h) OVER RANGE 
_ OF HEATING 
Sannin 


RANGE OF HEATING 


0.50 


0 0.25 


Fic. 1 (6) Varration or (HW —h) Wits Frepwatrer ENTHALPY Rise 


The dimensionless variable y thus is defined as the ratio of the 
average rise per heater to the average heat given up per pound in 
each heater. In the illustration used, the latter is represented 
by the quantity ¢, for simplicity. It is seen also that in this 
simple case the quantity y represents the ratio of the extraction 
quantity to the quantity of condensate flowing into the heater. 
This quantity can be used to build equations for various heater 
cycles from which the loss easily' can be determined. 


Basic RELATIONS 


There are four types of heaters, namely, the contact heater, the 
flashed heater, the drain-cooler heater, and the pumped heater. 
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Fria. 2 NomMeNcLATURE FOR ConTact-Typs Heater 


The first three are distinct types. The last type becomes ther- | 
modynamically identical with the first, if the terminal difference | 
is assumed to be zero. In analysis of arrangement loss, the latter | 
assumption is made; the loss due to use of a pumped heater 
arises entirely as a result of the existence of a terminal difference. | 
Thus for arrangement loss we are concerned with only three | 
distinct types, namely, the contact, the flashed, and the drain- 
cooler heater. 

Nomenclature. 
paper? is used. However, it is necessary to introduce a few addi- 
tional symbols, as follows: 


a = subscript, actual cycle; coefficient in the quadratic | 
approximation 

b = coefficient in the quadratic approximation 

c = number of contact heaters; subscript, contact-heater 
cycle 

f = number of flashed heaters (includes also drain-cooler 
heaters, since they are a special type of flashed heater) 

d = number of drain-cooler heaters 

w = extraction flow per pound of condenser (turbine exhaust) 
flow in a regenerative cycle 

e = extraction flow per pound of throttle flow in a regenera- 

il 

tive cycle. Note that (1—e) (+n 

C = (1 + y) in equations; alternatively used to designate a 


series of consecutive contact heaters 
(1 — y) in equations; alternatively used to designate a 
series of consecutive flashed heaters 
y 
1 + ky 
ignate a series of consecutive drain-cooler heaters 
subscript, hot well (used in e;, low-pressure heater 
drains flashed to the hot well) 
effectiveness of a drain cooler; decrease in temperature 
of drains passing through drain-cooler, divided by 
temperature rise of heater with which drain cooler is 
associated, and from which the drains come 
series of consecutive pumped heaters 
heat rejected in regenerative cycle 
heat supplied in regenerative cycle 
heat rate, in Btu supplied per Btu useful energy output, 
based upon shaft output of turbine, assuming zero 
mechanical losses (bearings, governor, etc.) 
approximate‘ fractional loss in heat rate due to devia- 
tions of the cycle from the ideal. The use of this - 
variable greatly simplifies many of the equations. 
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in equations; alternatively used to des- 
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4 The fractional error in this approximation is equal to the loss it- 
self, ie., for 1 per cent loss the error in heat rate is only 0.01 per cent. 
Even this error may be eliminated, however, as shown. 


In general, the nomenclature of the previous |] 
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A 
The true loss, oe La, 
r 1— EG 
1,2..= subscripts on C, F, D, and P indicating number of 


heaters in series 


Change in Cycle Heat Rate. It readily may be shown that for 
any change in heat rejected or heat supplied the true change in 
cycle heat rate is given by 


a\fe) eo: elle 0,6 tere 


Based on'the foregoing definition of L it is seen that 


A 
qd 
r—l1 14 AQ 5] 
Q 
If use of an actual cycle does not cause extra heat to be rejected 
in the condenser, Equation [5] may be simplified. In this in- 
stance the loss in heat rate due to terminal difference, pressure 
drop, and other deviations from the ideal cycle is readily seen to 
be'given by 


AQ 
L = —(r—1) 


If;the final feedwater enthalpies in the actual and ideal cycles 
are identical (as is frequently the case), the fractional change 
in heat supplied is identical with the fractional change in throttle 
flow per pound of condenser flow, that is 


AQ Aw 


Thus the loss in heat rate is entirely a function of the change 
in throttle flow per pound of condenser flow. 

In some instances a low-pressure heater is used from which 
drains are flashed to the condenser hot well. Introduction of 
this extra heat rejection to the condenser necessitates use of 
Equation [5]. It may be shown that the loss is given by 


= +0.10-9.+4y0—bI- 1... 
In Equation [8] both methods of expressing the extraction quan- 
tity are used. Although the original method of expression 
of this quantity in terms of pounds per pound of con- 
denser flow is most convenient for the ideal cycle, for actual 
cycles this quantity can be expressed more conveniently as 
pounds extraction per pound of throttle flow, e. The quantity 
(1 + w), applies to the ideal cycle. 


ARRANGEMENT Loss 


Arrangement loss is that loss which results from the use of 
surface-type heaters (either with or without drain coolers) in- 
stead of contact heaters. It is a function also of the sequence in 
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which various types of heaters are used in a given cycle. In 
analysis of arrangement loss it is assumed that all heaters are 
spaced equally, and that none has terminal difference or pressure 
drop. Since terminal difference is eliminated from considera- 
tion, the pumped heater becomes identical with the contact 
heater. Distribution loss (due to unequal heater rises), and ter- 
minal-difference and pressure-drop loss are taken into account by 
separate analysis. 

It is required that we determine the fractional change in 
throttle flow in an actual cycle with respect to the ideal cycle. 
By using the variable y, under the assumptions heretofore given, 
we are able to write equations of the throttle flow for any type 
of cycle. Equations are illustrated for simple cases. 

In the previous paper,? it was demonstrated (although the vari- 
able y was not explicitly used therein) that the throttle flow per 
pound of condenser flow for an all-contact-heater cycle could 
be expressed by the equation 


(CL P-} Stn) Pay Atte) eee ee apeeeerie [9] 


For a cycle in which all heaters are spaced equally, and all are 
flashed heaters, each flashing its drains to the next lower heater, 
the lowest heater flashing its drains to the condenser hot well, as 
shown in Fig. 3, it may be proved that 


(Pera eee ee ene {10] 


From the definition of w and e 


Rewriting Equations [9] and [10] in the binominal expansion, 
we see that 


1 
Qt+w).=ltay + na) yt. [12] 


(1 + wv); = : 


1 
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for the contact and flashed-heater cycles, respectively. It is 


apparent that the two differ only in second approximation. 


TOTAL RISE=R 


RISE = PL 


RISE = ®/y 
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Fic. 3 NoMENCLATURE FOR FLASHED HEATER CrycLE 
It also may be shown that in a cycle consisting entirely of 


drain-cooler heaters, as shown in Fig. 4, the condenser flow per 
pound of throttle flow is given by 


da 
(Le) -(-;44) Ls keener [14] 
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TOTAL RISE =R 


Fig.4 Nomencuarurs ror Drain-Cooter HnaTeR CYCLE 


It is interesting to note that if the effectiveness, k, of the drain 
coolers is 1.0, the drain-cooler-heater cycle becomes identical 
with the contact-heater cycle; if the effectiveness of the drain 
coolers is zero, the drain-cooler-heater cycle becomes identical 
with the flashed-heater cycle. Thus Equation [14] is a general- 
ized form for the homogeneous cycle, a cycle in which all heaters 
are alike. Furthermore, drain-cooler heaters are thermal hy- 
brids of the contact- and flashed-heater types, the similarity to 
either being measured entirely by the value of effectiveness of the 
drain cooler, k. 

An extension of this approach provides a method whereby 
equations may be written, more complex, to be sure, for all other 
arrangements of heaters, in nonhomogeneous cycles. While it is 
the author’s intention to publish details of the derivation of 
equations for all conceivable cycles, in the interest of space- 
saving only two illustrative results are given here, together with 
curves of the loss for certain commonly used four-heater cycles. 

The cycle shown in Fig. 5 is commonly used in modern power 
plants. It is known as the F,C;P; cycle. The arrangement loss 
of this cycle may be derived from an equation expressing con- 
denser flow per pound of throttle flow 


ee Fy 


Gaee) e (1 + y)? 


Combining this equation with Equation [8], it is found that 


| CONDENSER 


Fig. 5 Dracram or F2CiP; Crcun 


| CONDENSER 


Fie. 6 Diagram or FiDiCiD; Crcin 
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= 0+ a tude. [16) 


In this arrangement if the total enthalpy rise through the | 
feedwater-heating system is 300 Btu, so that the average rise 
per heater is 75 Btu, the average value of y is approximately 0.070 
for commonly used steam conditions. Substituting this value in | 
Equation [16] 


ie 1.07 [0.93% + 0.07] — 1 = 0.0010513 
eee 


If the ideal cycle heat rate in Btu per Btu is 3.0, the loss is 0.21026 
per cent, or more accurately 


Ar ~ 0.0021026 


7 = 0.2107 
, OMQTROTE Tt eee 


The arrangement shown in Fig. 6 is designated as the F;,D:iC:D; 


cycle. The equation for the loss in this cycle is 
L (Lh y)* + ky. 
a a +a[ ergs (9 hy) at ) 
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Alternatively written as 


L 
r—l 


= ou +m D+ya—»| 


y? (1 —k) 
1 eS ae 
| ee | 


For the conditions of the previous example, and k = 0.75, the 
loss is found to be 0.1169 per cent. Thus it is clear that under 
these conditions by the use of an extra drain cooler on the second 
heater from the top and a drain cooler on the lowest pressure 
heater, there is an improvement in the cycle of 0.0938 per cent. 
By an extension of this method the contribution of each drain 
cooler to this gain may be determined. 

The foregoing cases illustrate a simple and a complex loss equa- 
tion. By consideration of the combinations and permutations 
of the various types of heater one may set up equations for all 
possible combinations. These equations may be written in gen- 
eralized form, so that by substitution of the number of heaters 
of various types at various locations the determination of loss 
becomes a simple matter of numerical evaluation of the equation. 
Fig. 7 illustrates the loss for twelve typical four-heater cycles 
derived from such generalized equations. The ordinate is to be 
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multiplied by the quantity (r — 1) to arrive at the true loss. 
It may be demonstrated from the loss equations that the approxi- 
mately cubic character of the curves in Fig. 7 is correct. 


DistrRisution Loss 


In choosing extraction openings for a feedwater-heating cycle, 
the turbine designer or consulting engineer frequently is con- 
fronted with a choice of two or more extraction openings on the 
turbine. Much controversy has resulted from the inability of 
designers to determine the intrinsic loss which results from mal- 
distribution of heaters. Usually the issue is confused by extrane- 
ous factors not inherent in heater location. In general, the loss 
which results from unequal rises across the respective heaters is 
of extremely small magnitude. The author has established to 
his own satisfaction that if the enthalpy rises across the respec- 
tive heaters are identical, the loss which results (with respect to 
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LOSS, TYPICAL 4 HEATER CYCLES. (K=.7'5) 


Fic. 7 ARRANGEMENT Loss ror TypicaL 4-HmATER CYCLES AS A 
FUNCTION OF THE DIMENSIONLESS VARIABLE, Y 


the best possible distribution) is less than 2 Btu per kwhr in all 
normal cases; in most it is less than 1 Btu per kwhr. 

Since we are interested only in the intrinsic loss due to maldis- 
tribution, it behooves us to use the simplest cycle for analysis, 
namely, the ideal or contact heater cycle. If the rises are un- 
equal, then the dimensionless variable y no longer is constant, 
and must be identified by a subscript corresponding to the order 
of the heater in the cycle. The throttle flow is clearly given by 
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(1 + w) = (1 +m) (1 + y) (1 + ys)........ [18] 
For convenience let 
w=(l+a)y; » = (1 + a2) y; ys = (1 + 03) y.. [19] 


It may be shown by algebraic manipulation that to a very close 
approximation 


n=n 


1 Y : 2 
—,(--) 2 + ......, [20] 


=1 


eS LOS 
(l1+w)’ 


in which the prime designates the new or actual contact-heater 
cycle with distorted heater distribution. Because the change in 
throttle flow per pound of condenser flow is expressed as a frac- 
tion of the flow in the cycle with distorted distribution, Equation 
[6] applies directly 


L ais y 2 
+ -[u(-5) a 


The value of y in Equation [21] is that of the ideal heater cycle 
with equal enthalpy rise per heater. The quantity a obviously 
designates the fractional deviation of the actual value of y from 
this ideal cycle value. Since the second approximation of Equa- 
tion [20] involves the quantity y/(1 + y) to the third power, and 
since the latter normally has a value of approximately 0.05, the 
error in the calculated loss is considerably less than 5 per cent. 
Thus Equation [21] is completely acceptable in all cases. 

To exemplify the small magnitude of the loss caused by mal- 
distribution it may be shown that in a six-heater cycle, where 
two heaters have 60 per cent more than the average rise and four 
heaters have 30 per cent less than the average rise, the net loss 
in cycle heat rate is approximately 0.24 per cent. 

To illustrate graphically the order of magnitude of distribution 
loss, Fig. 8 is presented. Two types of cycle are considered. 
The upper set of curves applies to a cycle having all flashed 
heaters, and the lower set of curves to one having all con- 
tact heaters. Itis assumed that for each of the four heaters in turn 
the rise is varied from 0 to 200 per cent of the average rise, the 
remaining heaters in each instance dividing equally the remaining 
enthalpy rise of the cycle. In all cases performance is referred 
to the ideal cycle with equal enthalpy rise per heater. The dash 
curve in the lower set, calculated on the simplifying assumption 
that all heaters have equal values of (H — h), applies to any 
heater. The other curves in this group accurately take into 
account actual variations of (H — h) throughout the state line 
for the steam conditions given on the curve. The spread in the 
curves obviously is due entirely, therefore, to the variation in 
(H — h), and of only secondary significance. 

No simple analysis has been devised for the flashed-heater 
cycles illustrated by the upper set of curves. The spread in the 
curves is much greater than for the contact-heater cycle. The 
phenomenon of distribution loss is much more complex when 
flashing of drains from a high-rise heater to a lower heater is in- 
volved; the spread would occur even if (H — h) were constant 
throughout the state line. In this type of cycle there appears to 
be a small gain (insignificant in practice) if the lower pressure 
heaters have slightly less than the average rise, and the higher 
pressure heaters have slightly more than the average rise per 
heater. ‘The reference level for the flashed-heater arrangement 
is higher than that for the contact-heater cycle because of the 
inherent (arrangement) loss due to the use of flashed heaters. 
The magnitude of this loss may be calculated by the methods 
previously described. 

Many other interesting results may be deduced by this method. 
For example, in a given heater cycle, if an extra heater is inter- 
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posed midway between any two heaters, it may be shown that In the average four-heater cycle the value of y is usually about | 


the loss (negative, hence a gain) is given by 


L 
° = 1/ 


r—1 


y? vantd pay 
Any, (GpPrOx Peay mete. [22] 
In a typical four-heater cycle this gain was shown to be approxi- 
mately !/, per cent. 

Frequently it is necessary to remove a given heater from serv- 
ice for maintenance or other reasons. Since the source of 
steam (turbine) is essentially infinite and pressure drops in ex- 
traction piping are normally small, the pressures in the next lower 
and next higher pressure heater will remain unchanged, to a first 
approximation. For this reason, the heater above the heater 
removed from service will assume the duty of the heater removed. 
Thus its duty is essentially doubled; its rise is twice that of a 
normal heater. The heater which has been “‘cut out” has zero 
rise. Thus the values of a for these two heaters are, respectively, 
1.0 and —1.0. Assuming the other heaters retain their original 
rises, the quantity i 


n=n 


n=1 


in Equation [21] has a value of 2.0. From Equation [21] the loss 


its) 
Es dau (y felis ake wi [23] 
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0.075. The loss due to cutting out a single heater of a four-heater 
cycle is therefore approximately 1 per cent. Similar values 
may be derived for other conditions. It must be remembered 
that this loss applies only when other conditions of the cycle re- 
main constant. Undoubtedly, the heater which assumes twice its 
normal duty will have an increase in terminal difference and pres- 
sure drop, thus further increasing the total loss. Increased 
pressure drop in the extraction line also will tend to increase this 
loss. These effects may be analyzed by other means. 

Similar analysis may be used to evaluate the change in heat 
rate due to adding or removing a heater in design of a eyele, dis- 
tortion of the rise of a single heater, interposing more than one 
heater between two existing heaters, etc. 


TERMINAL DIFFERENCE AND PRESSURE-DRopP Loss 


All losses in a heater cycle with respect to the ideal cycle 
basically result from some mechanism which causes a decrease in 
heat supplied (throttle flow per pound of condenser flow), or an 
increase in heat rejected. Usually these result from a decrease in 
extraction quantity per unit of condenser flow. This decrease is 
caused by an increase in heat given up per pound in the heater. 

When pressure drop is introduced between turbine and heater, 
an increase in the quantity (H — h) occurs because there is a 
normal change (positive or negative) in the quantity (H — h) 
with pressure throughout the state line; also, since the enthalpy 
h of liquid in the heater corresponds to a lower pressure than 
that at which steam is extracted, there is an increase in the quan- 
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tity (H —h). The total change in (H — h) due to interposition 
of 10 per cent pressure drop in the extraction line may be ex- 
pressed algebraically. If we let Ap be the change in liquid en- 
thalpy for 10 per cent pressure drop and Afp be the change in 
heat given up per pound of extracted steam when this pressure 
drop is introduced 


Atp = A (H —h)p + Ap ChCRCr CaO) CACECEO rari) 


Using the nomenclature of the previous paper? and differentiating 
the quadratic approximation to evaluate Equation [24] 


rae (1 4 Bae ae 4 


When terminal difference is introduced at a heater, similar 
effects occur. The normal change in (H — h) is induced by the 
rise in heater pressure which accompanies the imposition of 
terminal difference. Its value is 


2ax + b 


A (H —h)rp = R 


where App is the change in liquid enthalpy of drains correspond- 
ing to 5 F terminal difference. In addition, mixing of hot 
drains with cooler condensate increases the heat given up per 
pound by the extracted steam. This is the larger of the two 
effects. 

The total increase in heat given up in the heater due to pressure 
drop and terminal difference is the sum of the two increases, that 
is 


At = Atp + Atrp S16 She) es eelieL ene le! obi aL (oye 


Combining Equations [25] and [26], and taking account of cool- 
ing of the drains when they are mixed with condensate leaving 
the heater (as in a pumped heater), we obtain the net change in 
heat given up in the heater due to the two effects. It is con- 
venient to designate the parenthetical quantity in Equation 
[25] by K;. Thus 


y 
At => Kg Ap + (x.— =i) Arp Mie) weds) a) efie iy 
The quantities Ap and A7p of Equation [28] are given in Fig. 
9, for typical values; terminal difference = 5 F, and pressure 
drop = 10 per cent of turbine shell pressure. For other values, 
the quantities must be prorated. 


MetHop oF CALCULATION 


Fig. 9 and Equation [28] provide a method for calculation of 
the increase in heat given up in each heater. It may be shown 
that to a close approximation the fractional decrease in throttle 
flow, hence the quantity L/(r — 1), may be found from the fol- 
lowing equation 
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The quantity K; may be determined for each heater if the con- 
stants a and b of the quadratic approximation for the steam con- 
ditions under consideration and the feedwater enthalpy at each 
heater are known. ‘The constants may be determined from the 
previous paper,? and the feedwater enthalpies are known for any 
given cycle from the heat-balance diagram. 

To determine the pressure drop or terminal-difference loss for 
any cycle, determine for each heater the quantities Ap and App 


: from Fig. 9, and evaluate the quantity K; for each heater (the 
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only variable with respect to heaters is the quantity z, a function 
of the enthalpy of the condensate leaving the heater). Evaluate 
both components of Equation [28] for each heater. These com- 
ponents are proportional, respectively, to the pressure drop and 
terminal-difference loss for that heater, and frequently are useful 
in calculating “change” in loss as the latter are changed. Sub- 
stitute the results in Equation [29] to determine the total cycle 
loss due to pressure drop and terminal difference, using an average 
value of y for the cycle. 

This method has been checked by extremely accurate calcula- 
tions of 16 different cycles from 400 psig to 2400 psig, and 750 F 
to 1000 F. The results obtained by the usual (long) method 
check the results found by this analytical method almost precisely. 

It may be shown that to a rough approximation terminal 
difference causes a loss in heat rate given by 


» 


heater rise, Btu 


per cent loss due to 1 deg 7D = 0.01 X 50 


Although not strictly accurate, this form frequently is useful. 
The loss due to pressure drop depends upon the range of tem- 


perature of the drains of the heater where such loss occurs. Its 
value may be expressed by 
per cent loss due to 1 per cent pressure drop = 
heater rise, Btu. r— 1 
Z = eee 1 
“ 50 2.0 a 


where Z, a function of heater-drain temperature, varies from 
0.004 at 100 F to 0.011 at 400 F. From this relationship larger 
pressure drops can be tolerated for the lower pressure heaters, and 
the Joss canceled by lower pressure drops on the high-pressure 
extractions. Such a shift makes the larger pipes smaller and the 
smaller pipes only slightly larger. This makes expansion and 
support of the usually large low-pressure piping easier, and reduces 
cost without affecting adversely the heat rate. 


MIscELLANEOUS CYCLE CoRRECTIONS 


It is of value to the heat-balance designer to be able to estimate 
the effect of addition or subtraction of various quantities of heat 
in the cycle. These quantities arise as the result of generator 
coolers used in the condensate circuit, external steam or water 
supplied to a heater, subcooling of condensate, boiler-feed-pump 
power, etc. In the previous analysis of the cycle, the last item 
has been disregarded because of the ease with which it may be 
taken into account by such methods. 

, For all deviations of this kind the resulting change in heat 
rate occurs by virtue of two separate and distinct effects, namely: 
(1) the major (and obvious) effect of addition or rejection of extra 
heat from the cycle; and (2) the resulting (but less obvious) 
change in throttle flow per pound of condenser flow. 

Remembering that we have used the symbols Q and q to des- 
ignate, respectively, heat supplied and heat rejected in a cycle, 
we may express these separate effects by an equation; in so doing, 
we use a simplified (approximate®) form of Equation [5], separat- 
ing the two distinct effects 
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§ For accuracy the right-hand member of Equation [32] should be 


divided by 
AQ Aw 
(: To oe 5) 


600 


AND PRESSURE DROP 


VALUES OF THE 
LIQUID ENTHALPY 


al 
ie} 


A tp AND 


100 200 


AoiVS,h 


TRANSACTIONS OF THE ASME 


LOSS DUE TO TERMINAL DIFFERENCE 


INCREASE IN SATURATED 
(PER 5° TERMINAL DIFFERENCE 


oO 
ae OR PER 10% PRESSURE DROP) OVER VALUE OF 
ec 
ISSA. 
a ie eee ohare x TERMINAL 7 TEERENS 
BI2 | - HEATER PRESSURE 
; A, * ORDINATE x TURBINE SHELL PRESSURE 
2 ; (SEE TEXT FOR USE OF Ke “ANDA vp ) 
2 oL___NOTE: TO ACCURATEY OBTAIN Ap ENTER CURVE 
ff AT h OF CONDENSATE LEAVING HEATER, ~~ 
a. READ Ory), THEN ENTER CURVE AT ea 
= hwo TO READA-¢ 4 
2 ime aaa 
z 
a eee 
Coe 
7 2a ee 
lw 
ees ee = 
: noe ee eee Sar ac a 
a a Bice 


h- BTU PER LB 


300 400 


Fic.9 VaLuEs oF Arp AND Ap ror USE IN CALCULATING TERMINAL DIFFERENCE AND PREssURE Drop Loss 


For illustrative purposes consider use of this equation to ana- 
lyze subcooling in the condenser hot well. In this illustration 
suppose the condensate leaves the hot well at less than saturation 
enthalpy corresponding to the pressure, by s Btu per Ib. Addi- 
tional heat is rejected in the hot well in an amount s, for a con- 
denser flow of 1 lb per hr. Since the original heat rejection (be- 
fore subcooling occurred) was t, we may write 


In this instance there is no change in heat supplied. 

For simplicity consider the low-pressure heater to be a con- 
tact-type heater. The increase in extraction quantity for the 
low-pressure heater is given by 


CDM RRR pe al dtc a Sere [34] 
The flow leaving the low-pressure heater is given by 
(L+H any) f= (1 4) sna eee [35] 
The flow leaving the top heater is seen to be 
(1+), = E “br a) ‘| (GG) ear er [36] 


from which it is deduced that 
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The loss may be found by substitution in Equation [32] 
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As a further example, consider the inclusion of generator cool- 
ers in the condensate circuit. The generator loss, AP, is normally 
charged against the heat rate, this heat having been rejected to 
the atmosphere. If it is used to heat condensate, we must re- 
gard the change as a “negative’’ change in heat rejected. Since 
the heat rejected in a cycle is P(r — 1), where P is the power 
(energy) output, we may write 


In a manner similar to the analysis used for subcooling, it may be 
shown that 
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Using Equation [30] the loss (negative, hence a gain) is given by 
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... [40] 
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It is clear from Equation [41] that the greater the rise in the 
low-pressure heater, the greater is the gain due to recovering 
generator losses by use of condensate coolers. Since the rise in 
low-pressure heaters rapidly falls off at lighter loads, the effective- 
ness of recovery decreases. Partially compensating is the fact 
that fractional generator losses increase at lighter loads, tending 
toward a constant net gain. 

The foregoing examples are simple illustrations of the power 
of the dimensionless variable y, used in the analysis of the re- 
generative cycle. Many other more complex evaluations are 
possible. For example, in the evaluation of the effect of evapora- 
tors on a feedwater-heating cycle several definitions of heat rate 
frequently are encountered. One may question whether the 
turbine-heater cycle should be credited for the entire quantity 
of heat supplied to the evaporated make-up. Application of 
methods of thought such as have been illustrated readily clarify 
this situation. A simple method has been developed whereby 
only a strictly fair credit may be given. Furthermore, one is 
permitted to discover the effect of locating the evaporator at any 
given point in the heater cycle, the thermal advantage of evapora- 
tor condensers, and other enlightening facts. 


ARRANGEMENT Loss IN Typicau Five-Hreater Crcue 


Several five-heater cycles have been calculated to illustrate 
the loss with respect to the ideal cycle, using the following as- 
sumptions: 


Steam conditions: 1200 psig, 900 F, lin. Hg abs 
Turbine efficiency = 80 per cent (internal efficiency ) 
Feedwater heated to 90 per cent of optimum rise 
Drain cooler effectiveness, k = 0.75 


The heat rate for an ideal five-heater cycle with these steam 
conditions is 8896 Btu per kwhr. Calculations using the method 
herein outlined reveal the losses given in Table 1. 


TABLE 1 ARRANGEMENT LOSS IN FIVE-HEATER CYCLES 


Cycle Loss with respect to 

Cycle designation® ideal cycle, per cent 
i F5 1.541 

2 F4Di 1.09 

iS F3CiFi 0.667 
4 F3CiDi 0.586 
5 F3Ce2 0.565 
6 F2DiCiFi 0.433 
ve F2DiCiDi 0.364 
8 F2D1C2 0.340 
9 FyDeC2 0.202 
10 D;CiDi 0.157 
11 D3Cez 0.135 


@ Beginning at high-pressure heater. 


Table 1 indicates that the poorest cycle is the one using five 
fashed heaters. However, by addition of a drain cooler to the 
lowest pressure heater, the loss is reduced approximately 0.45 
ver cent. Alternatively, by inserting a contact-type heater at 
:he second position, as is frequently done in power-plant practice, 
he loss is reduced by almost 0.9 per cent. If both substitutions 
ire made, however, the additional gain is less than 0.1 per cent. 
Somparing cycle 6 with cycle 3, if a drain cooler is inserted on the 
Jashed heater above the contact heater, the gain is almost 0.25 
yer cent. By modifying further the latter cycle to include a 
Irain cooler on the lowest flashed heater, a gain of less than 0.1 
yer cent is made. Note that uddition of this same drain cooler 
‘o the original cycle (cycle 1) resulted in 0.45 per cent gain. The 
argest gain in the remainder of the list is made between cycles 
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8 and 9 when two drain coolers are used above the contact heater. 

It is important to note that these cycle losses do not take into 
account the additional loss due to terminal difference in a drain- 
cooler heater, or in a flashed heater. This must be borne in mind 
if one of two contact heaters is, in reality, a pumped heater, and 
the loss is being compared with a similar cycle in which both 
contact heaters are truly of this type, that is, one must make cer- 
tain in any given instance that extra terminal difference loss, if it 
exists, is taken into account. 

Example. To illustrate the method of calculating loss in a 
cycle, consider the turbine-heater cycle in Fig. 10 with the follow- 
ing conditions: 


Steam conditions: 1250 psig, 950 F, 1.5 in. Hg 
Initial enthalpy = 1468.0 Btu per lb 

State line efficiency = 0.85 

Theoretical steam rate = 5.804 lb per kwhr 
Used energy = 499.8 Btu per lb 

Turbine exhaust enthalpy = 968.2 Btu per lb 
Feedwater temperature = 410 F 

t = 908.5 Btu per lb 

a = —154.0; b = 132.7 

Average rise per heater = 65.22 Btu per lb 
Average (H — h) = 929.9 2 


Yor, = 0.07014; —48%* — — 6.06554 
1 Yavg 

Accurate calculation of an ideal cycle with these conditions, 
but having all contact heaters and no pressure drop or terminal 
difference, yields a heat rate of 8501.2 Btu per kwhr. Calcula- 
tion of the actual cycle in Fig. 10 by extremely accurate methods 
gives a heat rate of 8572.8 Btu per kwhr. The total true loss with 
respect to the ideal is therefore 0.842 per cent. 

Calculations similar to those used for Fig. 7 give an arrange- 
ment loss for this cycle, described as the F,D:C: cycle, of 0.197 
per cent. Calculations, made by the methods described give a 
distribution loss of 0.028 per cent. The terminal-difference and 
pressure-drop losses are calculated in Tables 2 and 3, respectively. 

It is seen from the definition of K; that 


Ks; = 1.2545 — 0.591¢ 


The “possible rise” for these steam conditions is 520.9 Btu per 
Ib. 
Using Equation [29] 
1 ia: 58.529 
r—1 908.5 + 11.71 


(0.06554) = 0.4169 per cent 


The heat rate is approximately 2.51 Btu per Btu. From this the 


loss due to terminal difference and pressure drop is 
L = 0.4169 X 1.51 = 0.63 per cent 


Accurate’ calculation using conventional means gives a true loss 
of 0.6351 per cent, an excellent check of the entire method. 

Note that the loss due to either pressure drop or terminal 
difference at any heater can be obtained by proration, using ap- 
propriate values in columns (A) and (B) of Tables 2 and 3. Thus 
the loss due to 10 per cent pressure drop at the top heater is 

L 9.518 


= ——— X 0.4169 = 0.0678 
r—1 68.529 


or 
L = 0.0678 X 1.51 = 0.1025 per cent 


It is easily determined, too, that more of the 0.63 per cent loss 
is due to pressure drop than to terminal difference 


37.187 X 0.63 = 0.40 per cent is due to pressure drop 


58.529 
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716990* 
1250 PSIG. - 950 F - 1.5" HG. 3682H 
H 1333.1 1280 1214.2 1127.9 1064.5 
P 332.2 1779 74.69 19.68 6.19 
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I62.15F (618 F 
385.8h ; : 130.05 h 4129.7 h 


h 


; 166.8 F 
393.5h 336.0h 2698h 134.7h 
189.7 h 
Hs = 1468.0 a =-154.0 X = .626 
TS.R, = 5,804 by 8 ey 7 
= ,850 A = 15.02 
Muctee 1x 1082.2 x 3412.75 E Btu i 
U = 4998 FWT= 410F HEAT RATE =~ 59 71g550 DSS Cee Kw | 
He = 968,2 h = 385.8 | 
t = 908.5 R = 326.1 


Fic. 10 Actruat F2DiCiP: Cycur Usrep 1n InLustTrRaTiIvE EXAMPLE 


TABLE2 TERMINAL DIFFERENCE LOSS CALCULATION 


~ = 
accumu- 


h, see: 
lated . Terminal Btu aED xX s Col. (A) 
Rise, __Tise__ difference, per Btu per (A) xX Arp 
Heater Btu 520.9 Ks deg F lb lb Ks; — 0.06554 = AtrTp 
LP 70 0.1344 1.1753 5 129.7 5 1.1098 5.549 
4 60 0.2496 1.1071 0 189.7 0 1.0416 0 
3 75 0.3936 1.0221 5 264.7 5.13 0.9566 4.907 
2 66 0.5203 0.9470 5 330.7 5.28 0.8815 4.654 
HP 55.1 0.6260 0.8846 7 385.8 7.67 0.8191 6.282 
Total 21.392 
Norte: 326.8 = 65.22 = average rise. 
TABLE 3 PRESSURE-DROP LOSS CALCULATION 
Pressure (B) 
drop, ) Col. (B) 
Heater per cent A (arp x 5 AP X {per cont pressure drop) Soet 
= ‘Dp 
LP 10 134.7 4.59 5.395 
4 10 189.7 5.60 6.200 
3 10 269.83 7.32 7 482 
2 10 335.98 9.02 8.542 
HP 10 393,47 10.76 9.518 
Rye 
From TD ecale. 21.392 
At = 58,529 
Nore: Average At = 28.528 eb ee fale . 
and CoNCLUSION 
21.392 , ; ; The objecti i i 
—— 0.63 = 0.23 per cent is due to terminal difference. BASS - Peper tas poe to extend the previous 
58.529 work to cover assumptions made therein, and to present a some- 


; what unorthodox approach to analysis of feedwater heating. 
The total cycle loss is found by adding the various components, It would be impossible to present all of the ramifications, which 


Table 4. The results indicate that the analytical method checks unfold as one becomes familiar with the method, within the 
. . . : 7 

the true cycle loss, 0.842 per cent. The difference is only about _ limited space here available. It is the author’s conviction that 

0.01 per cent, or 1 Btu per kwhr. all of the problems of the regenerative cycle are amenable to 


SALISBURY—POWER-PLANT CYCLE EVALUATION 


TABLE 4 SUMMARY OF LOSSES 
F2DiCe2 Cycle, Fig. 10 


; Calculated per cent 
Loss item loss 


Terminal-difference loss.............. 0.23 
Pressure-drop loss........../.. BR Oe 0.40 
Arrangement LOSS hes 3 te eae Bee a 0.197 
Distriputrom lossees ee foe onan ee 0.028 
Total loss 0.855 


analysis by these general methods. Undoubtedly, those who 
become familiar with them will make valuable contributions. 
The author will be obliged if such original contributions are 
transmitted to him, especially since it is his intention to publish 
an extensive collection of the results of his own analysis in the 
near future. 


Discussion 


C. S. BarxeLew, Jr.° Of the various losses analyzed in the 
‘present paper the determination of heater terminal-difference 
losses has perhaps the most general application. However, the 
author’s equation for this loss apparently does not give valua- 
tions consistent with figures obtained by heat-balance calcu- 
lations, based upon the assumption that the turbine-extraction 
pressures are fixed. It is pertinent to inquire what ‘“conven- 
tional” methods of calculation were used to check the author’s 
method. 

The principal effect of introducing terminal difference is to 
shift the feedwater-heating duty to the next higher pressure 
heater; so that the loss depends upon the heat drop in the turbine 
between these extraction pressures, rather than upon the tem- 
perature rise in the heater. The author’s formula apparently 
is not in accord with this conception of the effect of terminal 
difference. From certain statements in the text it might be 
inferred that the increase in heat rate charged to terminal dif- 
ference is considered to be that which results when the extrac- 
tion pressures are raised sufficiently to offset the heater ter- 
minal differences and maintain specified temperatures of the 
feedwater leaving the heaters. 

A comparison of the terminal-difference-loss evaluation, ob- 
tained by applying the author’s equation, and by heat-balance 
calculation, assuming constant extraction pressures, is given in 
Table 5 herewith, for the turbine in Fig. 10 of the paper, with all 
flashed heaters cascading drains to the condenser. 


TABLE 5 COMPARISON OF TERMINAL-DIFFERENCE-LOSS 
EVALUATIONS ‘ 


Per cent increase in 
heat rate per Btu 


Extraction -—terminal difference— Differ- 
Heater pressure, Btu By By heat ence, 
no. psig per lb Equation balance per cent 
1 6.2 79.6 0.0122 0.0143 +17 
2 19.7 56.0 0.0115 0.0182 +59 
3 74.7 81.8 0.0105 0.0125 +19 
4 178 67.9 0.0091 0.0094 +4 
5 332 59.3 0.0090 0.0146 +62 


Inasmuch as the heat-balance calculations are simple and 
straightforward, the only possibility of error in the loss evalua- 
tion appears to be in the assumption that the extraction pressures 
do not change with variation in feedwater temperatures due to 
terminal differences. In an actual turbine-heater combination, 
there is a small variation in the extraction pressures with change 
in heater performance; and a small change in the “distribution 
loss’? may be associated with the terminal-difference loss. Since 
the distribution losses generally are of extremely small magni- 
tude, the effect on the terminal-difference-loss valuation pre- 


6 Senior Engineer, Electric Engineering Department, Public 
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sumably is negligible. However, as a check, a heat balance was 
calculated with extraction pressures changed to correspond to the 
changes in turbine internal flows resulting from a terminal dif- 
ference in the highest pressure heater, where changes in final feed 
temperature have the most noticeable effect on pressures. The 
calculated heat rate showed less than 0.001 per cent change for 
10 deg F terminal difference over the heat rate calculated on the 
basis of fixed pressures. 


A. O. Wurre.’ The writer’s company has been using the 
author’s methods for various purposes in connection with the 
calculation of turbine performance since their publication, and 
the material and methods he has presented provide a valuable 
supplement to the previous work, greatly extending its field of 
usefulness. 

The writer considers this whole treatment of the regenerative 
cycle a marvelous piece of analytical work and it deserves more 
general use than it has at present, judging from the contacts 
he has had with the industry. It may be that the lack of an 
accurate method of evaluating the “cycle correction” has hin- 
dered its general acceptance, so that the present paper, by pro- 
viding an accurate evaluation of the cycle correction for most 
actual cycle arrangements should promote its use with a resulting 
saving in calculation time and effort. 

The writer knows of no better way of evaluating the relative 
economy of different cycles than the author’s, and upon pub- 
lication of the results of further analysis, which are promised for 
the near future, it should eliminate all need for detailed heat- 
balance calculations except a final set, based upon the actual 
arrangement to be used, for the purpose of selecting heaters 
and related equipment and perhaps defining contractual obliga- 
tions. 

There is only one criticism the writer has and that is that the 
use of the term “‘arrangement loss’ does not seem quite natural 
as used in the paper. Arrangement loss seems to connote the 
loss due to all the variables in the heater arrangement, and some 
other term such as “surface heater loss’? would give a better 
idea of what is involved, leaving arrangement loss and cycle cor- 
rection as essentially equivalent. 

One contribution which would be very valuable would be the 
extension of the method to the reheat cycle with heaters above 
the reheat point. The writer has used it for the case with the top 
heater out of the high-pressure section exhaust, by considering 
the cycle from the reheater outlet to the condenser as a separate 
cycle by the author’s method, and then adding the high-pressure 
section to it as a topping unit whose output was additive in terms 
of flow to the reheater. From this the over-all heat rate could 
be easily obtained. 


AuTHOR’s CLOSURE 


Mr. Barkelew’s comment that the terminal-difference-loss de- 
termination has the most general application probably included 
the pressure-drop-loss method as well, since they go hand in hand, 
and the latter loss frequently is the larger. Fortunately, the 
method is exceptionally accurate for these two losses, usually the 
chief components of cycle loss. 

In last analysis, any loss in the heater cycle is found to depend 
fundamentally not upon heat drop in the turbine, or upon rise in 
the heater; minimum loss is obtained by securing the lowest 
average level of (H — h), hence the maximum quantity of extrac- 
tion. If one considers feedwater enthalpy at each heater constant 
(to eliminate the confusing effect of distribution loss), terminal 
difference increases (H — h), by raising the extraction pressure 


7Steam Design Section, Steam Turbine Engineering Division, 
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(hence #) to a value higher than hypothetically it would have to 
be to perform the heating task in a contact heater. The method 
presented in the paper quantitatively evaluates this effect and 
translates it into cycle loss. By keeping turbine pressures con- 
stant Mr. Barkelew takes into account the change in h, but not the 
change in (H — h), which always occurs along any state line as 
the pressure changes. 

His statement that the principal effect of terminal difference 
lies in the shift of duty to the next higher heater is inadmissible, 
. by definition. This shift of duty is defined as “distribution loss,” 
and must not be included in the terminal-difference loss. Since 
distribution loss is from 2 to 3 times as great in an all-flashed- 
heater cycle as in contact or pumped-heater cycles, under the 
same conditions, these inadmissible effects are accentuated in the 
cycle used for checking. 

Perhaps the method used by Mr. Barkelew in his attempt. to 
check the accuracy of the method required reading of state-line 
enthalpy values from a small Mollier chart. This introduces in- 
consistencies of sufficient magnitude to render a check of these 
extremely small losses impossible. For checking the method the 
author used data from a hypothetical state line, analytically de- 
fined to any desired degree of accuracy by the quadratic approxi- 
mation. AJ] data used in making the heat balance were carried 
to 6 or 7 significant figures, and all chart reading eliminated. The 
results of a comparison of the idealized basic cycle (having no 
terminal differences and no pressure drops) with actual cycles 
checked within 0.01 per cent for the 24 cycles to which the check 
was applied. It does not seem likely that this is coincidence. 

In addition, it would appear that when Mr. Barkelew assumed 
the turbine pressures constant, there would be a change in final 
feedwater temperature itself, as the terminal difference on the top 
heater changes. This assumption introduces an extraneous effect 
not chargeable, in the author’s concept, to terminal difference. 
This conclusion seems to be borne out by the fact that the largest 
difference in Table 5 occurs at the top heater. 
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Despite the fact that the calculation unavoidably included e» 
traneous effects, it may be deduced from Table 5 that M1 
Barkelew’s method results in a calculated loss of 0.28 per cen 
whereas the author’s value is 0.23 per cent, a difference of on] 
0.05 per cent in heat rate. Most of this probably can be at 
tributed to the extraneous effects introduced by the method used 

The author is indebted to Mr. White, his former close associate 
for his kind words. Some time was required for the origina 
method to receive the acceptance that it now enjoys in thi 
author’s company. Once facility in its use is gained, however, ths 
user is well repaid for the time spent. 

Mr. White’s comment on the use of the term “arrangemen 
loss” is well taken. The word was chosen originally because of th 
effect of permutation of the heater location on the cycle loss} 
While all surface heaters cause loss, the magnitude of the loss is 
function of their location in the cycle, thus to some small exten 
justifying the word “arrangement” in this connection. Furthe j 
addition of a drain cooler to a surface heater—another “arrange; 
ment”’ of the heater—reduces the loss. 

In the author’s opinion, application of the method to reheat 
cycles is best accomplished by consideration of the low-pressure 
portion as one cycle, and the high-pressure portion as an entirel 
separate cycle performing essentially at 100 per cent therma 
efficiency, as Mr. White suggests. Data to be published later wil 
indicate a method whereby the general principles of the terminal+ 
difference-loss calculation probably can be applied to the reheat 
cycle. Basically, terminal-difference loss results from the 
equivalent of a “shift’”’ of the state line to the right, giving higher 
enthalpies for the extracted steam. A heater at the exhaust of the 
high-pressure turbine in a reheat cycle might be considered as on 
with a very large “negative” terminal difference, acting to reduc 
the enthalpy of the steam supplied to it. Whether the metho 
would be of enough advantage for this rather complex cycle t 
warrant its use is questionable. Probably, consideration of the 
cycle in two separate parts will be preferable, in the long run. 


